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 Abstract 
Ankle fractures are one of the most common injuries of the lower limb. Accurate anatomical 
reduction of the ankle joint becomes a challenge for surgeons as an optimal alignment is required to 
effectively reduce the risk of subsequent complications such as post-traumatic arthritis and damage to 
the surrounding tissues. Postoperative assessment of reduced ankle fractures currently relies on 
radiographs to evaluate the quality of anatomical reduction. 
However, radiographs only provide a two-dimensional (2D) representation of the distal tibial articular 
surface, for which it is essentially three-dimensional (3D). Therefore, they are limited in revealing the 
remaining articular incongruities. On the other hand, Computer Tomography (CT) and Magnetic 
Resonance (MR) images allow the articular surface to be represented in 3D as they produce 
volumetric 3D datasets. CT is also the gold standard for the reconstruction of 3D bone models and has 
been used to measure step-offs between adjacent fragments. Clinicians occasionally use MR images 
as an alternative to CT for the postoperative examination of both soft tissue regeneration and bone 
continuity, and has a major advantage over CT as it is free of ionising radiation and provides superior 
detail of soft tissue structure. While MR imaging is more expensive and takes longer scanning times 
as compared to CT, recent research has shown that intact MR-based 3D bone models are of 
comparable accuracy to the gold standard CT-based models. Hence, the overall purpose of the thesis 
was to determine the potential use of MR as an accurate single imaging modality for the quantitative 
assessment of articular reduction and the impact of soft tissue trauma versus CT, and also to overcome 
the limitations from radiographs. 
Current postoperative assessment of fracture reduction uses a radiograph of intact contralateral bone 
to assess the quality of reduction, but the use of 3D bone models from their corresponding 
postoperative images is limited without a comparable reference standard. Facial surgeries, however, 
utilise the intact contralateral side of the bone for facial restoration and is a routine preoperative 
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planning procedure, unlike trauma surgery. In light of this approach, the first aim of this thesis was to 
determine whether a 3D model of the contralateral tibia can be used as a comparable standard. 
Nonetheless, when using CT and MR for the postoperative assessment of ankle fractures, bones with 
attached metallic implants result in their images containing metal related artefacts. The extent to 
which the metal artefacts impede the joint surface from being seen is unclear. Since several studies 
have reported that the extent of image deterioration from metal artefacts can be optimally reduced by 
adjusting CT and MR protocols, the second aim of the thesis was to determine the impact of metal 
artefacts  affecting the visualisation of the joint surface using suitable protocols. 
The third and final aim of this thesis was to determine the feasibility of using MR-based models for 
the quantification of articular malreduction as it is not yet known if they can be used to detect articular 
incongruities with an accuracy that is comparable to that of the gold standard CT-based models. To 
our knowledge, there are no studies comparing the differences between MR and CT models from 
postoperative images of the ankle. 
In the first study, CT scans of seven paired human cadaver tibiae were obtained and reconstructed into 
3D bone models. Thirty-four variables consisting of 2D and 3D measurements were quantified from 
various anatomical regions. Results from this study revealed that the distal subchondral surface 
between the left and right tibiae showed insignificant differences (p < 0.05), and had articular 
deviations of ≤ 0.3 mm, suggesting that the contralateral bone may be used as a comparable reference 
standard in the postoperative assessment of pilon fractures.  
In the second study, we obtained CT and MR scans of an intact human cadaver ankle specimen before 
and after the surgical insertion of  three metal screws in the distal tibia. Titanium alloy (TA), stainless 
steel (SS), cannulated TA (CTA), and cannulated SS (CSS) screws were investigated. We 
reconstructed the metal artefacts into 3D models and quantified their size using the CAD models of 
the inserted surgical screws made of titanium and steel. Results from this study showed that the 
position of the screws relative to the joint line needs to be ≥ 2 mm (CT: TA, CTA, SS and CSS), or ≥ 
3 mm (MR: TA and CTA only) to provide a clear visualisation of the articular surface. Metal artefacts 
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from SS and CSS screws were too large in the MR images, therefore prevented the joint surface from 
being seen. 
In the final study, five human cadaver ankle specimens were osteotomised and reduced with titanium 
plates and screws. Three specimens were osteotomised with an AO (German for "Association for the 
Study of Internal Fixation") 43-B1 pilon fracture (pure split, partial articular), while two specimens 
were osteotomised with an AO-43-C1 (articular simple, complete articular) pilon fracture. CT and 
MR scans were obtained from these specimens, and then reconstructed into 3D models for 
quantitative analysis. Results from the final study revealed that MR bone models (Class B AO 
fractures) are of reasonable accuracy compared to that of CT models as their articular surface 
differences were ≤ 0.43 mm. However, MR models illustrating Class C AO fractures were found to be 
unsuitable for assessing the quality of articular reduction as metal artefacts impede the articular 
surface from being seen.  
Overall, there is potential for Class B MR-based models to be used for the quantification of the 
remaining articular incongruities, though this depends on the factors such as screw material and type, 
and the distance of the screws away from the joint line. By considering these factors, a favourable 
outcome can be achieved. CT-based models were found to be suitable for the postoperative 
assessment of both Class B and C pilon fractures as long as the screws are at least 2 mm away from 
the joint surface. Consequently, the thesis reports the possibility of using 3D models reconstructed 
from CT and MR for the postoperative assessment of pilon fractures.  
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Chapter 1 : Introduction 
1.1 Research Problem 
Intra-articular fractures of the distal tibia (pilon) are one of the most common injuries of the lower 
extremities and surgical intervention is commonly carried out to restore the bone fragments back to 
their anatomical position 
1
. The importance of achieving anatomical reduction has been demonstrated 
through clinical and biomechanical studies in order to avoid subsequent trauma to the neighbouring 
tissues and bone structure 
2-4
. As such, the skills of the surgeon are heavily relied on, and it is a 
challenging clinical procedure even for experienced surgeons. However, the acceptable level for the 
remaining articular surface incongruities leading to a good patient outcome remains unknown.  
The current method of post-operative assessment involves the use of plain film radiographs to image 
the affected site to assess if the anatomical shape of the ankle joint has been restored, but they are 
limited in revealing articular malreductions accurately and consistently. The disadvantage of X-ray 
films is that they become erroneous as a result of metallic implants obstructing the features of 
articular alignment 
5
. Additionally, X-ray films cannot provide a detailed representation of the ankle 
joint surface because it is projected as a two-dimensional (2D) structure, hence cannot help 
distinguish the subchondral lines of the reduced and non-reduced individual fragments. The lack of 
accurate measurement tools has greatly limited the ability in separately analysing the effects of 
articular incongruities and the severity of the initial injury on the development of post-traumatic 
arthritis. 
A major benefit of using Computed Tomography (CT) images in place of radiographs is that they are 
regarded as the gold standard for the reconstruction of accurate 3D bone models, and can also provide 
the capability of measuring step-offs and gap sizes between adjacent fragments 
6
. Nevertheless, these 
measurements are taken in a two dimensional plane. As such, they may be inaccurate in quantifying 
the rotational malalignment of the fragments which are three-dimensional in reality. They are also 
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acquired only if a decision needs to be made for subsequent surgical treatment 
7
 to avoid unnecessary 
radiation exposure to patients and increased operational costs compared to X-ray films.  
As CT remains to be at the forefront for bone imaging purposes, it is the preferred choice for the 
reconstruction of 3D bone models. Based on this, there is potential in using these bone models for the 
quantitative assessment of articular reduction, though a comparable reference standard needs to be 
established. While a radiograph of the intact contralateral bone is commonly utilised as the reference, 
the utilization of 3D models of the intact contralateral bone has not been reported for the assessment 
of articular reduction in long bones. 
Nowadays, craniomaxillofacial (CMF) surgeries routinely use 3D models of the intact contralateral 
side to estimate the anatomical position of the displaced fragments, but this is not the case in trauma 
surgery. It is commonly assumed that there are insignificant differences between the left and right 
bones, but this remains ambiguous as previous anthropological studies reported the existence of limb 
asymmetries 
8, 9
, though the cadaver specimens originated from the pre-industrial period and may not 
represent today's modern population. 
Magnetic Resonance Imaging (MRI, or MR in short) is a promising alternative to CT as it can also 
provide a 3D representation of the ankle, and can present high spatial resolution while at the same 
time generates no radiation 
10, 11
. When fractures are accompanied by soft tissue damage, surgeons use 
MR to evaluate this aspect of an overall injury (instead of both a CT and MR). 
Unfortunately, metal implants in both CT and MR generate metal artefacts in the images which 
cannot be completely eliminated. With CT-related metal artefacts, post-processing methods can be 
applied to the raw data to reduce these artefacts, while at the same time still enable to maintain a high 
level of accuracy 
6
. As for MR-related artefacts, they can be minimized using specific scanning 
protocols 
12, 13
. However, these protocols have not been fully explored with the intention of detecting 
articular incongruities accurately. 
Preliminary findings conducted by a study of the supervisors with regards to metal artefacts on the 3T 
MR images of an ovine specimen revealed that the artefacts appear to be localised in signal void areas 
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(Figure 1.1-1). These artefacts resulted from using a 5-hole 4.5/5.0 narrow titanium locking 
compression plate (LCP) with cortical locking screws (Ø = 5 mm) and scanned with a 3D VIBE 
sequence. Implants used for pilon fractures are slightly thinner at 3.5 mm, so based on this we are 
anticipating a smaller degree of artefacts, which can be further reduced with appropriate MR scanning 
protocols. Hence, it is expected that the reconstruction of the distal tibia articular surface with the 
presence of implants to be achievable, considering that the screws and plates are usually placed 5 mm 
or further away from the ankle joint. 
    
Figure 1.1-1. Axial 3T MR images acquired with the 3D VIBE sequence of an ovine femur diaphysis from the same 
anatomical location. (Left) Intact bone. (Right) Bone with titanium implant metal artefacts. The LCP implant is attached to 
the side of the bone that is facing the bottom of the image. The measurement (13.55mm) of the metal artefact width is 
obtained perpendicular to the axis of the locking screw (Ø = 5 mm). 
 
The preliminary investigation only involved the insertion of one screw and plate, therefore it is 
unclear if additional hardware can distort the bone geometry in the same anatomical region. However, 
it is expected that since fixation plates are normally located along the medial malleolus or the 
anterior-lateral region of the distal tibia as compared to screws which are in closer proximity to the 
articular surface, metal artefacts generated from plates will not extend to the articular surface for both 
CT and MR.  
Results from the preliminary investigation suggested that MR has the potential to be used as a single 
imaging modality to assess the quality of reduction due to its non-ionising capabilities and excellent 
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depiction of soft tissue structures instead of using both CT and MR to separately evaluate the extent of 
mal-reduced fragments and its associated soft tissue complications. To the author's knowledge, there 
are no studies reporting the use of MR for the postoperative imaging of pilon fractures. As such, the 
thesis aims to investigate the feasibility of using MR instead of CT for assessing the quality of ankle 
reduction. Depending on the results obtained from the thesis, we can then decide if MR can accurately 
quantify the quality of articular reduction. These results may then be used as an introductory step in 
helping to determine the threshold level of the remaining articular incongruities in order to minimise 
or prevent post-traumatic arthritis, and this will form part of future work. 
In summary, the research problems identified were: 
1. The extent to which the intact contralateral tibia can be used as a reference standard for the 
quantitative assessment of pilon fractures remains unclear as the level of deviations between the 
surfaces of the left and right bones have not been determined using data from today's population. 
2. Plain film radiographs, which are commonly used as a postoperative imaging procedure, cannot 
provide an accurate illustration of the malreduced fracture fragments due to their 2D representation of 
the articular surface, and metal implants are likely to obstruct the view of the tibial plafond, thus 
preventing clinicians from visually assessing the quality of articular reduction. 
3. The extent to which the metal artefacts impede the visualisation of the pilon articular surface 
remains unclear. 
4. Although CT images have been reported to accurately detect step-offs and gap sizes in the 
acetabulum 
6
, the use of CT and MR images for the accurate quantification of pilon malreduction 
post-operatively needs to be further explored with the optimisation of appropriate protocols. 
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1.2 Aims 
To address these research problems, the overall purpose of this work was to develop a method 
utilising 3D bone models for the quantitative assessment of fracture reduction in order to overcome 
limitations arising from radiographs. To achieve this purpose, the work had three main aims, which 
were to: 
1. Quantify the bilateral asymmetries of the tibia in order to determine if their differences can impact 
the use of the contralateral side as a reference standard for the postoperative assessment of pilon 
fracture reduction; 
2. Determine the extent to which metal artefacts impede the visualisation of the articular surface by 
establishing and validating optimally artefact-reduced CT and MR scanning protocols;  
3. Determine if MR-based 3D bone models can be as accurate as the gold standard CT for the 
postoperative quantification of articular malreductions in the distal tibia. 
1.3 Significance 
This work will be significant because the framework for the postoperative 3D assessment of ankle 
joint reduction will be established for the first time. By quantifying the quality of distal articular 
reduction in a virtual environment, surgeons will be able to clearly assess and quantify the extent of 
the malreduced fragments. As the proposed method is non-radiation based, it will be ideally suited for 
conducting long term clinical studies for determining the acceptable levels of articular surface 
incongruities. This is because MR takes precedence over CT and radiographs due to its excellent 
depiction of soft tissue structures 
14, 15
 and can therefore be possibly used as a single imaging modality 
in conjunction with detecting articular malreductions (instead of using both CT and MR). Based on 
the outcome, this method can potentially be used to develop a postoperative clinical ranking tool for 
reduced and/or malreduced pilon fractures in the future. 
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1.4 Thesis Outline 
The contents of the thesis will cover the following aspects in this order: 
Firstly, the previous literature is examined and issues or gaps in knowledge that arise are highlighted; 
Secondly three studies are presented that aim to resolve the issues by: 
 (i) Developing a method to quantify the differences between the left and right tibia in order to 
ascertain whether the contralateral tibia can be used as a comparable reference standard. For this, CT-
generated 3D bone models will be used to quantitatively analyse the bilateral symmetries and will be 
discussed in Chapter 3; 
 (ii) Investigating to what extent the metal artefacts affect the visualisation of the joint surface. 
A simple method will be proposed in Chapter 4 to determine the size of the artefacts relative to the 
joint using current clinical protocols; and 
 (iii) Determining the suitability of using MR versus CT based 3D models for the post-
operative assessment of pilon fractures. This study will establish a quantitative method (Chapter 5) in 
order to determine the accuracy between CT and MR models. As MR is a non-ionising imaging 
alternative to CT, this makes MR suitable for long term clinical studies, which can then offer a greater 
potential for determining/establishing the acceptable level of malreduced fragments that would 
prevent/limit the development of post-traumatic arthritis. 
Lastly, the final two chapters of the thesis discuss how these studies can help determine if 3D models 
can be used to accurately assess the quality of articular reduction, and future work that can be done 
based on these results. 
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Chapter 2 : Literature Review 
2.1 Background 
The ankle, a musculoskeletal structure, primarily functions as a support for weight-bearing activities 
of the body, and thus plays an important role in providing stability and mobility to the body. The 
ankle consists of the distal tibia, fibula and talus. The distal tibia also contains part of the ankle joint, 
and is also often called 'pilon' or tibial plafond (Figure 2.1-1). 
When a pilon is fractured, often due to decreasing bone mass from aging, motor vehicle accidents as 
well as falls from a height, surgery is performed in order to align the bone fragments back to their 
original anatomical position. The surgical procedure is termed 'reduction'. Common medical devices 
used to hold the adjoining metaphyseal and diaphyseal fragments in the correct position include 
fixation plates, screws, nails and external fixators 
1-4
 (Figure 2.1-1). The severity of such fractures 
depend on the amount of energy directed to the ankle from shear, rotational, bending and axial 
compression forces. 
 
Figure 2.1-1. (Left) Illustration of surgical screws and locking compression plate (LCP); (Middle) tibial nail, and (Right) 
external fixator. 
Pilon 
Copyright by AO Foundation, Switzerland. Source: AO Surgery Reference, www.aosurgery.org 
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As classified by the AO Foundation, pilon fractures are categorised as either AO B (Class B, partial 
articular) or AO C (Class C, complete articular) fractures 
5
 (Figure 2.1-2). Pilon fractures are also 
considered the most severe and uncommon compared to other types of fractures 
6, 7
. Two studies have 
quoted that pilon fractures occur in less than 1 percent of lower limb fractures 
8, 9
. 
 
Figure 2.1-2. Classification of distal tibia fractures by the AO Foundation. Class A fractures occur at the distal diaphysis, 
while Class B and Class C fractures occur at the pilon. 
 
Still 
10
 and Babis 
11
 had acknowledged that the key to achieve an optimal outcome from such surgeries 
is to restore a complete or near perfect anatomical alignment of the articular surface stabilised by 
fixators so that the ankle joint and its surrounding tissue structure is preserved in order to primarily 
function as a support for weight-bearing activities. Therefore, the skills and experience of a surgeon 
are heavily relied upon to prevent subsequent trauma to the affected site, for which the threshold of 
error is restricted to less than 2 mm of displacement from the original anatomical position 
12-14
. 
Copyright by AO Foundation, Switzerland. Source: AO Surgery Reference, www.aosurgery.org 
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The importance of achieving an accurate articular reduction was reported by Langenhuijsen 
15
, where 
he found that a fragment displacement of  ≥ 2 mm in plain radiographs resulted in patients unable to 
carry out their daily activities. Sclerosis and osteophyte formation were also observed from patients 
feeling pain. Other biomechanical studies reported altered stress distributions and uneven load 
distributions for an articular incongruity as small as 1 mm 
16,
 
17
. 
Ultimately, an ideal recovery of the ankle after a surgical intervention depends on the accurate 
restoration of the ankle, the preservation of the surrounding soft tissues, and the minimization of 
cartilage stress to avoid post-operative complications in order to allow the mobility, stability and pain-
free movement of the ankle. However, an accurate reduction of the fracture fragments is a challenging 
task even for experienced surgeons. One of the reasons contributing to this issue is due to the 
minimally invasive plate osteosynthesis (MIPO) approach used to reduce the fragments so that the 
surrounding soft tissues can be preserved 
18
. This approach unfortunately, limits the visualisation of 
the articular surface and makes an accurate reduction not easily achievable (Figure 2.1-3) 
19
. 
 
Figure 2.1-3. Minimally invasive plate osteosynthesis (MIPO) approach to reduce fracture fragments. 
 
 
Copyright by AO Foundation, Switzerland. Source: AO Surgery Reference, www.aosurgery.org 
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In the clinic, current postoperative imaging techniques commonly carried out are X-rays, CT and MR, 
depending on the preoperative clinical diagnosis, the type of surgery performed, and present clinical 
evidence obtained from the reduced site. Amongst these three techniques, X-rays are considered to be 
the routine radiological procedure because they are believed to hold sufficient resolution to visually 
detect incongruities at the articular surface, as seen in some studies 
12, 14, 15, 20
.  
However, the use of plain film radiographs to estimate the extent of articular displacements post-
operatively have been known to poorly demonstrate articular incongruities of the pilon, especially in 
the mal-rotations or translations of the adjacent fragments 
21
. Other authors have also reported similar 
findings in the tibial plateau 
22
 and acetabulum 
23, 24
, which highlights the importance of finding other 
means to assess the quality of articular reduction accurately. Fracture fixation plates and screws may 
also obstruct the view of the articular surface of the tibia, thus a clinician may not be able to provide 
an accurate visual assessment of joint reduction (Figure 2.1-4). In addition to these disadvantages, it is 
important to consider the position of the ankle at the time the radiographic examination is performed. 
X-ray over-projection can happen, hence it is not easy to judge joint congruency (Figure 2.1-4) 
25
. The 
ankle must be internally rotated 15 to 20 degrees AP to avoid overlooking injuries, and to provide a 
better projection of the bone contour 
12
. 
12 
 
     
Figure 2.1-4. (Left) Metal implants obstructing the view of the articular surface of an intact human cadaver ankle specimen. 
(Middle) Over-projection of X-ray beams from incorrect positioning of the cadaver specimen. (Right) The correct 
positioning of the cadaver specimen for a clear visualisation of the medial malleolus. 
 
Besides the lack of accurate measurement tools, one often questions the compromise between the 
remaining articular incongruities and soft tissue complications in order to facilitate a successful 
outcome of the surgical treatment. This was also brought up by Hahn 
26
 who debated whether 
anatomic reduction is always necessary, especially if it is at the expense of increasing the risk of 
complications. 
Two possible and promising alternatives to assess joint reduction are CT and MR as they can produce 
3D volumetric datasets 
27-30
, and a cross-sectional view of the articular surfaces can be seen without 
any overlapping bones, unlike X-ray (Figure 2.1-5). Based on this, they can potentially be used to 
develop and validate a method for quantifying articular reduction in 3D, and this forms the overall 
purpose of this thesis. 
13 
 
   
Figure 2.1-5. Sagittal cross section views of the ankle in CT (Left) and MR (Right). 
  
Unfortunately, in trauma, the quantitative assessment of articular reduction in 3D space continues to 
be limiting without a comparable reference standard. This is not the case for craniomaxillofacial 
surgery, where the approach of mirroring a 3D model of the intact contralateral side for the pre- and 
postoperative assessment is routinely practised. CT, as the current gold standard for the acquisition of 
morphological data for the subsequent generation of 3D bone models, can be used to collect image 
data of the left and right tibia. After that, 3D models can be reconstructed from these images to 
determine if they are geometrically similar to each other, and if the contralateral joint can be used as a 
control. The importance of using contralateral bone will be discussed in detail in Section 2.2.1. 
2.2 Assessing articular reduction 
The AO Foundation dictated that due to the anatomical similarities of the ankle area, a reference 
should be made using radiographs of the intact contralateral side 
31
. The level of acceptable articular 
reduction had been defined as less than 1 mm and 2 mm intraarticular step and gap, respectively. 
Also, the malreduced fragments should not exceed 5 degrees of varus or valgus and 10 degrees of 
anterior or posterior malrotations, and the fibula length and syndesmosis width should not differ more 
than 2 mm compared to the uninjured contralateral side. Additionally, the alignment between the talar 
dome and the distal articular surface should be parallel to each other in the AP and ML view 
31
. 
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However, this method commonly assumes that the differences between the left and right bones of 
individuals are insignificant. 
Another approach was carried out by Leeds and Ehrlich 
32
, whereby the degree of displacement of the 
malreduced fragments from plain films were measured using determinants such as the horizontal 
distance between the metaphyseal and diaphyseal fragments at the lateral and medial malleolus, and 
the horizontal distance between talus and the medial side of the mortise. The quality of reduction was 
rated good if the displacement for each determinant was detected to be not more than 2 mm. 
Still and Atwood 
10
, however, rated the quality of reduction based on the Modified American College 
of Foot and Ankle Surgeon (ACFAS) Ankle Evaluation Scale by looking into measurements such as 
the talocrural angle, tibiofibular overlap and medial clear space. 
In all methods, radiographs were used but can only provide a 2D representation of the articular 
surface that is essentially 3D in reality, plus the alignment of the X-ray beam on the affected site can 
cause an over-projection of the image to be captured and therefore, are unreliable and inaccurate in 
measuring linear and angular displacements. Moreover, radiographs are unable to demonstrate small 
articular incongruities, and fail to distinguish between subchondral lines that represent the reduced 
and non-reduced fragments, especially for periarticular fractures 
21
. To overcome these limitations, 
clinicians are beginning to use CT scans for the postoperative assessment of complex fractures. 
Several authors have reported the use of CT scans for the postoperative assessment of acetabular and 
tibial plateau fractures, and have shown that CT is more accurate in detecting the fracture 
displacement, as well as articular step-offs and gaps compared to radiographs 
23, 24, 33
. While these 
measurements were taken in individual image slices, the assessment can be more comprehensive 
when done in 3D space because it can also display not only the quality of reduction, but also the 
extent of the sustained injury. This then strengthens the importance in examining the use of 3D 
models to assess the quality of bone reduction. By establishing a comparable reference standard using 
the intact 3D model of the contralateral bone, the alignment of the fragments can be assessed and 
quantified. 
15 
 
2.2.1 Use of contralateral bones 
For the purpose of this work, the use of contralateral tibia will be investigated due to the intended 
clinical application. This is because the quantitative assessment of articular reduction in 3D space will 
require a reference standard to compare to. Although a few authors have agreed that the comparison 
between the left and right bones can help distinguish anatomic variations and interpret congenital 
laxity 
34, 35
, there are limited studies investigating the degree of bilateral asymmetries. The 
investigation pertaining to whether the contralateral tibia can be used as a comparable reference 
standard will be examined in Chapter 3. 
One recent study that supported the use of contralateral bones as a pre-operative control has examined 
the possibility of using the intact contralateral sheep tibiae 
36
. The study concluded that they are 
geometrically similar with differences of up to 1 mm and may be used if the differences in bone 
mineral density (BMD) yield less than 5% between the left and right bones. However, it is still not 
known to what extent these results are transferrable to human bones since Plochocki 
37
 and Auerbach 
38
 have reported significant bilateral asymmetries of the human tibia, particularly in the tibial midshaft 
breadth and distal tibial articular surface breadth in the mediolateral (ML) and anteroposterior (AP) 
directions. On the contrary, insignificant differences were found for the tibial length and tibial 
condylar breadth 
38
. These variations have been thought to be related to heavier mechanical loading of 
the dominant leg, resulting in increased bone growth compared to the contralateral side. To our 
knowledge, Plochocki is the only one reporting bilateral variations in limb articular surface 
dimensions. 
Even though results from Plochocki and Auerbach 
37, 38
 have indicated bilateral asymmetry of bones, 
they are inadequate in showing similarities and/or differences between the morphology of bone 
surfaces because they are limited to a small number of distance measurements, thus are subjected to 
user-generated errors in identifying the positions of corresponding measurements, and did not take 
into consideration the 3D geometrical surfaces of the bone. There was also no information available in 
the bilateral asymmetries in the 3D geometry of the distal articular surface. Yet in order to use a 3D 
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model of the contralateral tibia as a control for this work, it is important to determine if there are 
significant differences between the surfaces of the left and right tibia.  
In addition, the above-mentioned studies used human cadavers from the pre- or early industrial period 
to assess bilateral asymmetries. It was asserted that post-industrial groups display less asymmetry than 
pre-industrial surfaces due to less physical activity with recent technological developments i.e less 
mechanical loading on bones, and sedentism, compared to pre-industrial groups 
38, 39
. Based on this 
statement and an initial 3D comparison conducted by the supervisors with a matched tibia pair, it is 
hypothesized that there will be insignificant levels of bilateral asymmetry between 3D tibial surfaces 
of recently deceased modern humans. The comparison is necessary not only for the application 
outlined in the study but also for other fracture healing, anthropological and forensic studies that use 
the contralateral limb as a control. 
As already practised in craniomaxillofacial surgeries, by comparing the 3D model of the reduced 
fracture to one of the mirrored intact contralateral bone, the alignment of the fragments can be 
assessed and quantified 
34
. With a 3D bone model, a 3D surface comparison will enable the 
quantification of the magnitude of incongruities of bilateral articular surfaces. 
2.2.2 3D software applications 
Current engineering software can be used to quantitatively assess the differences between complex 
surface geometries of bone models in 3D. Software applications made available in the market such as 
Rapidform 2006 (INUS Technology, Korea) has the capability to generate colour coded 3D maps of 
the deviations between two bone models which display the locations and magnitudes of the 
deviations. To quantify these deviations, an optimal registration between two surfaces can be carried 
out depending on the local dissimilarities in their surface geometry, and is achieved via the iterative 
closest point (ICP) algorithm which converges the differences between the two surfaces to a minimum 
40
 (Figure 2.2-1). 
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Figure 2.2-1. (Top) Conducting global registration to optimally align the surfaces of two bones. (Bottom) Colour-coded 
surface maps displaying surface deviations. The graph shows the surface deviation distances between two surfaces of interest 
(in mm). 
 
As mentioned previously, the current gold standard in generating 3D bone models is from CT scans, 
and this has been known to be accurate based on some studies 
41, 42
. Additionally, by using 3D models 
for the quantification of fracture reduction, a more comprehensive assessment can be conducted, and 
can include the rotational and translational mal-alignments of the fracture fragments. The use of 3D 
models can also help visualise the extent of malreduction, which may be limited when using two-
dimensional image slices. This can be achieved by using postoperative CT data and reconstructing 
them into 3D models which are accurate representations of the bones. According to a study conducted 
by Rathnayaka 
42
, 3D bone models reconstructed from CT data can be accurate and precise using the 
appropriate CT scanning protocols, filtering algorithms and segmentation methods. He concluded that 
with a proper CT imaging protocol, a good image resolution can be produced, particularly along the 
articular surfaces of the tibia.  
MR, however, is better suited to investigate how the quality of articular reduction contribute to 
posttraumatic arthritis since it can exhibit the disintegration of bone structure that is not yet apparent 
on CT or radiographs, and can display soft tissue injuries 
35
. Another study has already reported that 
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CT (mean errors of 0.15 mm ± 0.16 SD) and MR-generated (mean errors of 0.23 mm ± 0.21 SD) 3D 
models of long bones are of comparable accuracy to each other with no statistical differences 
43
. 
Based on these studies, the possibility of using accurate 3D bone models reconstructed from CT and 
MR images in order to quantify the quality of pilon articular reduction exists.  
Unfortunately, both postoperative images from CT and MR containing metallic implants such as 
internal fixation plates and screws introduce metal artefacts, hence degrade the image quality and 
obscure the joint interface, and the extent of these artefacts affecting the visualisation of the joint 
surface remains unclear. There are no published manuscripts to our knowledge that specifically look 
at the assessment of articular reduction using 3D bone models reconstructed from CT or MR 
postoperative images with the presence of metal artefacts. Metal artefacts and their effect on the 
assessment of articular reduction will be discussed in the subsequent section. 
2.3 Metal artefacts in CT and MR 
It is difficult to obtain an accurate postoperative image of the pilon after surgical reduction and 
internal fixation using CT and MR, because metal artefacts will be present. This is often described as 
bright and dark streaks, or localised effects seen at the interface between the attached metallic 
implants and the bone surface (Figure 2.3-1); hence deteriorates the quality of the medical image 
44, 45
. 
The source of the metal artefacts is dissimilar for different imaging techniques. 
For postoperative images obtained using CT, metal artefacts originate from high quantum noise, 
scattered radiation and x-ray beam hardening as the beams pass through a metallic implant 
46, 47
, 
According to Wang et al. 
46
, metals contain a higher atomic number which attenuates X-rays, resulting 
in less photons being received at the CT detectors, therefore creating gaps in CT projections. By 
operational default, reconstruction algorithms try to fill in those gaps, causing metal artefacts 
48
. 
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Figure 2.3-1. Illustration of bright and dark streaks in a CT image containing metal plate and screws. 
 
Metallic implants also produce metal artefacts in MR images. However, the source of metal artefacts 
differs from that of CT. MR predominantly functions based on polarizing nuclear spins in a magnetic 
field 
49
. This process of polarizing nuclear spins, otherwise called magnetization at the macroscopic 
level, can be excited by applying radiofrequency in a transverse direction to the magnetic field, for 
which these signals are then received to produce 2D images. The presence of metal creates an 
inconsistent magnetic field and disrupts the frequency sent across an entity, resulting in signal loss 
and geometric malformation. This is seen as susceptibility artefacts, and is described as "multi-lobed" 
profusions 
50
 (Figure 2.3-2). 
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Figure 2.3-2. Illustration of metal artefacts in an MR image containing metal plate and screws. 
 
There are several factors affecting the quality of postoperative MR images with metallic implants, 
such as sequence parameters, composition and size of the metallic implant, its orientation with respect 
to the magnetic field, and magnetic field strength 
30
. On the other hand, the severity of metal artefacts 
in CT images is dependent on factors such as implant material, the position of the area of interest with 
respect to the x-ray beam, as well as CT acquisition and reconstruction parameters consisting of 
scanning functions such as peak voltage, collimation, slice thickness, reconstruction algorithms and 
the use of an extended CT scale 
30
.  
Despite the presence of metal artefacts in CT and MR images, recent studies have shown that with 
suitable CT and MR protocols, the amount of these artefacts can be significantly reduced, therefore 
helping to effectively minimize the amount of image distortions 
30, 51-56
. One such technological 
advancement recently developed by Philips Medical Systems is the post-processing algorithm for 
metal artefact reduction for orthopaedic implants (O-MAR) The O-MAR aims to reduce the amount 
of metal artefacts generated from such implants so as to subsequently minimize image degradation 
and distortions 
57
. This algorithm is already made available in the clinical CT scanners at the Princess 
Alexandra Hospital, Brisbane, and will be used to investigate the extent of optimally reduced metal 
artefacts from common surgical implants.  
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Another technological advancement already available and developed by the same manufacturer that 
will be able to reduce the amount of ionising radiation is the iDose, an iterative reconstruction 
technique that specifically caters to dose reduction 
58
 while at the same time able to preserve image 
quality 
59
. iDose is also capable of utilising low energy and low dose contrast imaging, which can 
personalise the image quality depending on the needs of the patients 
60
. Several studies have compared 
the differences in image quality and radiation exposure levels between the conventional filter back 
projection (FBP) reconstruction and the iDose via CT 
61-63
. These studies revealed that with iDose, 
radiation doses were found to be reduced by 50% to 76%, and can still maintain good quality CT 
images of the temporal bone 
61
 and coronary artery 
62, 63
, respectively. This algorithm will also be 
utilised in this work. 
As for MR, standard metal artefact reduction (MAR) methods such as fast spin-echo (FSE) and 
volume interpolated gradient-echo (VIBE) sequences that are widely found in the clinical 1.5 Tesla 
(1.5T) and 3 Tesla (3T) MR scanners will be used for clinical relevance to current medical practices. 
Although several studies have investigated the use of advanced MAR methods such as Multispectral 
Imaging (MAVRIC) and ultra-short echo-time sequences to reduce metal artefacts 
29, 54, 64
, this will 
not be explored in this work as it is not commonly found in the clinical environment. The standard 
methods are still able to reconstruct medical images into 3D models with sufficient accuracy 
compared to the CT-generated bone models 
43
. 
The safety of using metals in MR has always been a concern for clinicians, however most of the 
modern commercial fracture fixation implants are safe for patients to undergo MR scans at 1.5T and 
3T as they do not contain any ferromagnetic materials 
52, 65
. Ferromagnetic materials have been widely 
known to be unsuitable due to possible interference with the magnetic field resulting in traction and 
torsion forces moving implanted devices such as cardiac pacemakers 
66, 67
.  
Many previous studies have assessed the extent of metal artefacts for different imaging modalities, 
implant materials, implant types and anatomical regions 
53, 68-70
. However these studies have either 
focussed on 2D qualitative assessment, or provided volumetric measurements of the artefacts. These 
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findings were unable to provide information on the dimensions of the artefact, and to the best of the 
author's knowledge there are no published manuscripts that specifically look at the quantification and 
the comparison of optimally reduced metal artefacts of common orthopaedic screws for the purpose of 
the postoperative assessment of pilon fracture reduction across three clinical imaging modalities (CT, 
1.5T MR and 3T MR). 
Another promising imaging modality besides the 1.5T and 3T MR scanners that can potentially 
provide high quality images of the reduced distal tibia articular surface is the Siemens 7T Magnetom 
MR scanner that was recently purchased by the University of Queensland this year and is also the first 
in Australia. 
Safety issues with respect to using metal implants on the 7T have been examined by Dula et al. 
71
. He 
referred to the safety guidelines defined by the American Society for Testing and Materials (ASTM) 
International standard 
72-74
 to investigate the magnetic field interactions of common tibial implants 
(plates and screws) made of different materials such as titanium and pyrolytic carbon. The magnetic 
field interactions were quantified based on the deflection angle and torque movements of the implants 
relative to the magnetic field. He reported that since the deflection angles were less than 45°, and 
torque movements were moderate (no more than 90°) for these implants, they were regarded as safe to 
use on the 7T. The deflection angle was measured by calculating the translational distance between 
the implant and the magnet isocentre, while the torque was measured by checking the alignment or 
movement of the implant relative to the magnetic field. From this perspective, there is potential for 
the 7T to be used as a safe postoperative imaging modality in addition to the 1.5T and 3T scanners. 
The 7T scanner has also been proven to be superior in providing higher spatial resolution of 
musculoskeletal structures such as the knee cartilage and trabecular bone structure of the distal tibia 
75-77
 compared to the 1.5T and 3T scanners due to its capability in producing higher signal-to-noise 
ratio and radio-frequency (RF) signals from a stronger magnetic strength. However, this also resulted 
in higher inhomogeneities of the magnetic field. The introduction of metal implants for the 
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postoperative examination of pilon fractures may introduce larger metal susceptibility artefacts from 
an increase in the magnetic inhomogeneities and hence further distort the image quality.  
One important question has emerged regarding the 7T: Can the malreduced articular surface be 
detected accurately with a higher resolution image though at the expense of larger artefacts? A lack of 
studies exploring these challenges enhances the need to investigate the accuracy in which the 7T is 
able to detect these articular incongruities. This will form part of future work and will be discussed in 
Chapter 6. 
2.4 Clinical Context 
The post-operative management of pilon fractures often require a long term follow-up in order to 
determine a good functional outcome of patients, and in the range of 1 to 8 years 
78, 79
. This includes 
radiographical examinations to observe fracture union, and measurements of the ankle's range of 
motion to check if joint movement has been fully restored. 
Then again, such methods are recurrently debated because they are limited in observing how the 
remaining articular incongruities contribute to the development of post-traumatic arthritis. In order to 
develop an accurate measurement tool for the post-operative assessment of pilon fractures which can 
potentially do two jobs: measure the extent of articular malreduction and observe cartilage 
degeneration, it is imperative that MR be examined so that it may be used as a single imaging 
modality in long-term clinical studies. This cannot be done with CT as it is limited in revealing soft 
tissue structures and generates radiation, unlike MR. 
As an introductory step in the development of the measurement tool, the thesis proposed to investigate 
the feasibility of using of MR for the detection and quantification of articular incongruities. 
Quantifying the extent of the initial injury, which is a major factor affecting long term patient 
outcomes, is beyond the scope of this thesis and will form part of future research. 
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2.5 Chapter Summary 
In summary, the Literature Review has discussed the following issues: 
 The importance in determining if an intact contralateral tibia can be used as a comparable 
reference standard so that it can be used to assess the quality of pilon fracture reduction in 3D 
space; 
 The impact of metal artefacts degrading CT and MR image quality of the pilon postoperative 
is unclear and needs to be quantified; 
 The feasibility of using MR to generate accurate 3D bone models as the introductory step in 
developing a framework for determining the maximum acceptable tolerance levels of mal-
reduced fragments before implicating posttraumatic arthritis needs to be validated; and 
 A comprehensive method to accurately quantify the quality of articular reduction in 3D is 
needed to overcome limitations arising from radiographs. 
To address the first issue, Chapter 3 will outline the quantitative methods used to investigate the 
differences between the left and right tibia. CT data from the modern population will be acquired and 
reconstructed into 3D models. Since the measurements will be done in 3D space and takes into 
account the 3D surface geometry of the bone, it is expected that more information can be obtained 
(both 2D and 3D measurements) to increase the accuracy in assessing bilateral symmetries, unlike 
methods used in previous studies 
37, 38
. 
 
For the second issue, the quantification of the size of metal artefacts generated from common surgical 
screws near the distal tibial articular surface needs to be investigated to determine the extent of the 
artefacts relative to the articular surface. How these artefacts will affect the visualisation of articular 
incongruities also needs to be examined. The use of an intact human cadaver ankle specimen 
implanted with common surgical screws will allow the acquisition of CT and MR data, after which 
they can be reconstructed into 3D bone models along with their corresponding metal artefacts. These 
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models will then be used to determine the dimensions of the metal artefacts. This work will be 
discussed in Chapter 4. 
 
For the third issue, a quantitative comparison between CT and MR models will be conducted to 
determine their accuracies. These models were reconstructed from CT and MR data of osteotomised 
cadaver ankle specimens. Osteotomies were created on these specimens based on two commonly-
occurring types of pilon fractures (AO 43-B1 and AO 43-C1), after which their displaced fragments 
were reduced and stabilised with metal plates and screws. The contralateral tibia model was also used 
to compare against the osteotomised model to quantify the quality of reduction in 3D. Using the 
results obtained from the comparison, they may then be used to develop a comprehensive method 
(fourth issue) for the accurate quantification of articular reduction. 
 
It is expected that with the newly developed 3D quantitative method, MR can potentially be used in 
long term clinical studies in order to help determine the relationship between the remaining articular 
incongruities and its implication on cartilage degradation.  
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Chapter 3 : 
Assessing bilateral symmetries of the tibia 
This chapter will investigate the differences between the left and right tibia in order to determine if the 
contralateral can be used as a comparable reference standard. This chapter has also been accepted for 
publication. A step-by-step guide on the quantification methods has been added as supplementary 
material (refer to Supplementary Materials for Chapter 3). 
Statement of Contribution 
The authors listed below have certified that: 
1. they meet the criteria for authorship in that they have participated in the conception, execution, or 
interpretation, of at least that part of the publication in their field of expertise; 
2. they take public responsibility for their part of the publication, except for the responsible author 
who accepts overall responsibility for the publication; 
3. there are no other authors of the publication according to these criteria; 
4. potential conflicts of interests have been disclosed to (a) granting bodies, (b) the editor or the 
publisher of journals or other publications, and (c) the head of the responsible academic unit, and 
5. they agree to the use of the publication in the student's thesis and its publication on the QUT ePrints 
database consistent with any limitations set by publisher requirements. 
In the case of this chapter: 
Title of paper: Assessing the bilateral geometrical differences of the tibia - Are they the 
same? 
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Assessing the bilateral geometrical differences of the 
tibia - Are they the same? 
 
3.1 Abstract 
Contralateral bones are often used in many medical applications but it is assumed that their bilateral 
differences are insignificant. Previous studies used a limited number of distance measurements in 
quantifying the corresponding differences; therefore, little is known about their bilateral 3D surface 
asymmetries. The aim of the study is to develop a comprehensive method to quantify geometrical 
asymmetries between the left and right tibia in order to provide first results on whether the 
contralateral tibia can be used as an equivalent reference. 
In this study, 3D bone models were reconstructed from CT scans of seven human cadaver tibiae pairs, 
and 34 variables consisting of 2D and 3D measurements were measured from various anatomical 
regions. All 2D measurements, and lateral plateau and distal subchondral bone surface measurements 
showed insignificant differences (p > 0.05), but the rest of the surfaces showed significant differences 
(p < 0.05).   
Our results suggest that the contralateral tibia can be used as a reference especially in surgical 
applications such as articular reconstructions since the bilateral differences in the subchondral bone 
surfaces were less than 0.3 mm. The method can also be potentially transferable to other relevant 
studies that require the accurate quantification of bone bilateral asymmetries. 
 
 
Journal's main subject areas: Orthopaedic, Measurements 
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3.2 Introduction 
The contralateral limb is often used as a reference in clinical, forensic and anthropological studies 
1-6
, 
with the assumption that the left and right extremities are not significantly different. Little is known to 
what extent they are geometrically symmetrical since their bilateral differences have not been fully 
elucidated in order to determine if the contralateral can be used as an equivalent control. To our 
knowledge, there are no studies exploring the bilateral differences in bone surface geometry, 
particularly in the articular regions of the tibia. 
For the tibia, typical distance measurements that were used to quantify the similarities or differences 
between the left and right include tibial length and condylar breadths 
7, 8
. Distance dimensions of the 
distal articular surface in the mediolateral (ML) and anteroposterior (AP) directions have been 
measured by Plochocki (2004). While these studies have demonstrated bilateral variations in various 
anatomical regions such as tibia lengths, diaphyseal and distal articular breadths they are essentially 
limited to a two-dimensional assessment. As such, linear distance measurements are insufficient in 
determining the similarities or differences between bilateral bone surfaces in 3D. Therefore, in order 
to quantify the differences in bilateral bone surfaces more accurately, we propose to use 3D models of 
tibia in conjunction with state of the art measurement software. 
In previous studies such as Plochocki (2004), Auerbach and Ruff (2006), the specimens originated 
from pre- and early industrial periods, which may not accurately represent today's population. 
Auerbach and Ruff (2006) have stated that industrial groups are likely to exhibit less asymmetry than 
pre-industrial humans due to genetic and behavioural traits of individuals. Therefore, it becomes 
necessary to conduct a detailed investigation using specimens from the modern human population in 
order to gain a better understanding of their bilateral differences and to verify to what extent the 
contralateral bone can be used as a comparable reference standard. The importance of establishing the 
bilateral differences in the modern population becomes apparent especially in fracture healing studies 
involving articular reconstructions of the lower limb. In a routine postoperative assessment of 
articular fractures, a radiograph of the uninjured limb is commonly taken to be compared with the 
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opposite side to determine the accuracy of reduction. Since the accuracy of articular reduction has 
been closely associated with minimising the risk of complications such as posttraumatic arthritis, it is 
imperative that the bilateral differences of bone be quantified so that a framework can be developed to 
overcome limitations arising from radiographs. With this, the proposed comparison can also be used 
as a framework for other fracture healing related studies that use the contralateral bone as a control. 
Current reverse engineering and computer-aided design software applications in the market such as 
Rapidform 2006 (INUS Technology, Korea) have the capability to quantify the geometrical 
differences between two complex 3D bone surfaces, and allow them to be registered optimally to each 
other on a point-to-point basis for their entire surface. The registration process uses the Iterative 
Closest Point (ICP) algorithm 
9
 in order to minimise the distance between two surfaces, after which 
geometrical asymmetries between them can be quantified. 
This study aims to develop a comprehensive method for quantifying the geometrical asymmetries 
between the left and right tibia. The study will then apply this method on a small sample dataset to 
provide first results on the suitability of the contralateral bone as an equivalent reference standard. 
3.3 Materials and Methods 
3.3.1 CT data and reconstruction of 3D bone models 
CT scans of seven matched pairs of intact cadaver tibiae were obtained, two of which were from 
donors from Princess Alexandra Hospital (Brisbane, Australia), and five from the Tsukuba Medical 
Centre (Ibaraki, Japan). The CT scans showed no abnormal deformities of the bone and tissue, and 
were from healthy patients. The voxel sizes of the CT images were 0.4 x 0.4 x 0.5 mm (slice spacing 
= 0.5 mm, slice thickness = 1 mm, kVp = 100, X-ray tube = 145 mA, B filter, Philips 256-slice ICT) 
and 0.6 x 0.6 x 0.6 mm mm (slice spacing = 0.6 mm, slice thickness = 1.25 mm, kVp = 120, X-ray 
tube = 100 mA, head filter, GE Lightspeed VCT), respectively. The average age of the donors was 56 
years old, in the range of 20 to 72 years old. Two donors were female, and five male.  
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The CT scans were imported into the image processing software Amira 5.4.5 (Visage Imaging, 
Germany). For the reconstruction of the 3D bone models of the left and right tibia, a multi-level 
threshold method 
10
 was applied to the CT images to generate a triangular surface mesh 3D model. 
This method utilises the Canny-edge detection filter to determine threshold values of the outer bony 
contours of the proximal, shaft and distal regions of the tibia. This filter has been shown to detect 
edges of an object with high accuracy, and this was reflected by an improved signal-to-noise ratio 
(less noise) in images 
11, 12
. This method had also been reported to produce CT-based bone models 
10
 ,  with errors less than ~0.18 mm for the whole bone (Please refer to Page 123 'Part 1: Reconstruction
of 3D models' in Chapter 3's Supplementary Materials for more details). 
Subsequently, these threshold values were used for the segmentation and generation of the outer 
surface bone models containing approximately 250 000 (Japan) and 550 000 (Australia) triangular 
polygons. The differences in triangular surfaces were due to the imposed resolution of the respective 
CT scanners, but can still produce sufficiently accurate 3D models with errors of ~0.2 mm 
13
. These 
3D models were saved in STL format and imported into the reverse engineering software Rapidform 
2006 for 2D and 3D quantification analysis. 
3.3.2 Quantification of 3D bone models 
A total of 34 variables were measured and tabulated for this study to quantify the differences between 
the left and right bone models. Variables pertaining to distance and angle measurements were adapted 
from several clinical, biomechanical and forensic studies 
14-19
. For this comparison, a coordinate 
  
 
 
system was established by defining the anatomical axis, coronal, sagittal and axial planes with respect 
to  the  superior-inferior  (SI),  AP  and  ML  directions  of  the  bone  model (Please  refer Page  125,
'Reference Coordinate Setup' in Chapter 3's Supplementary Materials for more details).
The anatomical axis was defined using several semi-automated steps. Firstly, three points (P1, P2 and 
P3)  were  manually  selected  along  the  most  posterior  proximal  and  distal  regions  of  the  medial  and 
lateral  condyle,  and  lateral  epicondyle,  respectively,  to  create  an  interconnecting  plane  (Plane  1)
(Figure 3.3-1a). Secondly, two planes (Planes 2 and 3) normal to Plane 1 were automatically fitted to
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the superior and inferior ends of the tibia. Thirdly, four planes (Planes 4, 5, 6 and 7) perpendicular to 
Plane 1 were created by manually land-marking the widest ML distances (W1 and W2) of the 
proximal and distal epiphysis (Figure 3.3-1a). Fourthly, the W1 and W2 distances were used to offset 
Planes 2 and 3 to obtain Planes 8 and 9. These two planes demarcate the boundaries of the proximal 
and distal regions (Figure 3.3-1b). The boundary of the proximal and distal tibia is defined by the AO 
Foundation as a square of the widest ML widths, with the shaft as the remaining region 
20
. Finally, a 
cone was automatically fitted by selecting the shaft region to generate the anatomical axis. The 
anatomical axis was also in the SI direction of the bone model (Figure 3.3-1b). 
 
 
Figure 3.3-1. (a) Creating Plane 1 from Points 1, 2 and 3 (three red dots marked by P1, P2 and P3). The boundary of the 
proximal, shaft and distal regions of the tibia is demarcated by planes 8 and 9. W1 and W2 represent the widest widths of the 
proximal and distal regions of the tibia. (b) Creating the anatomical axis by best-fitting a cone in the shaft region (in red), 
and establishing the sagittal plane using Points 4 and 5 (two red dots marked by P4 and P5. 90 degrees to the sagittal plane is 
the coronal plane about the anatomical axis. 
 
The establishment of the coronal, axial and sagittal planes required several automated steps. Firstly, 
the mid-point (P4) of the anatomical axis was projected onto Plane 1 (P5) in order to generate the 
sagittal plane (Figure 3.3-1b). Secondly, using the anatomical axis as a direction vector, the coronal 
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definedwasplaneaxialplane was generated perpendicular to the sagittal plane. Finally, the
perpendicular to the anatomical axis and orthogonal to the other two planes. 
The ML and AP directions of the bone model were defined by automatically generating ML and AP 
vectors from intersecting the coronal and axial planes, then the sagittal and axial planes, respectively 
The whole process was then repeated for the right bone model. 
The quantification of the 3D models was divided into two categories: 
(A) 2D measurements 
The variables included in this study were the diameters 
15
, cross-sectional areas and perimeters at 
20%, 50% and 80% of the bone length, epiphyseal widths of the proximal and distal regions (PE and 
DE) 
15
, medial and lateral plateau (MP and LP) breadths and widths 
17, 18
, distal subchondral  (DS) 
 
 
surface breadths and widths in the AP and ML direction, and the anatomical length in the SI direction. 
The diameters at 20% bone length from the superior end of the bone model is referred to in this study 
as  the  proximal  diaphysis  (PD)  diameter,  while  at  50%  it  is  the  mid  diaphysis  (MD)  diameter,  and
80% is the distal diaphysis (DD) diameter (Figure 3.3-2). For width measurements of the MP, LP and 
DS surfaces, these three regions were manually demarcated and cut using interpolating curves at the 
boundary of the subchondral bone surface with the aid of the curvature plot function. The curvature
plot function shows the curvature distribution of a surface and helps to identify the subchondral bony 
edges.  After  the  three  surfaces  were  separated  from  the  model,  their  individual  perpendicular 
distances  corresponding  to  the  AP  and  ML  vectors  were  measured  (Figure 3.3-3a) (Please  refer  to 
Pages 129-134 for in Chapter 3's Supplementary Materials for more details on how to establish the 2D
measurements). 
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Figure 3.3-2. The measurements were carried out using the coordinate system as shown. The mediolateral (ML), 
anteroposterior (AP) and superior-inferior (SI) directions represent the location of the coronal, sagittal and axial planes with 
reference to the anatomical axis located along the shaft of the tibia. Numbers 1 to 6 represent the 6 coloured surface regions 
that were divided to carry out the fine registration process in Rapidform 2006. 
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Figure 3.3-3. (a) Breadth and width measurements of the medial plateau (MP), lateral plateau (LP) and distal subchondral 
(DS) bone surfaces, and the MP and LP slopes. The 2 red dotted lines represent the vectors used to measure the MP and LP 
slopes with respect to the axial plane. The three yellow curves represent the area in which the subchondral surfaces were cut 
for surface-based measurements. (b) Sagittal view of the MP slope. (c) Proximal and distal joint (DJ) slopes measurements. 
Lines AB and CD represent the vectors intersecting the coronal plane and the best-fit plane along the proximal and distal 
subchondral bone surfaces, respectively. 
 
To obtain the MP and LP slope measurements, several automated steps were required. Firstly, the 
midpoints of the MP and LP widths were identified using two planes parallel to the sagittal plane, 
after which two cross-section curves were automatically created with these two planes. Secondly, two 
best-fit vectors were created at the same position (dotted red line in Figure 3.3-3a) of each midline 
C D 
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curve. Finally, these two vectors were measured against the axial plane to obtain the MP and LP slope 
measurements 
14, 16
 (Figure 3.3-3b). 
A plane was best-fit to both the MP and LP subchondral (MPS and LPS) surfaces, and another at the 
joint line of the DS bone surface. With these two planes, two other vectors were created by 
intersecting these two planes with the coronal plane. These vectors were measured against the 
anatomical axis for the proximal and distal joint (DJ) slopes 
19
 (Figure 3.3-3c). 
(B) 3D measurements 
To quantify the geometrical surface differences between the left and right 3D tibia bone models, the 
right was mirrored to the left and a fine registration process was applied to both models (Figure 
3.3-4a). The fine registration process utilizes the ICP algorithm which iteratively aligns the two 
models until their surface differences converge to a minimum 
9
. This algorithm also optimises the 
10, 21
 
  
alignment  between  the  two  surfaces .  At  this  point,  the  surface  geometry  differences  were 
recorded  as  the  average  distance  with  its standard  deviation  for the  whole  bone  (Figure 3.3-4b)  and 
the  MD  (numbered 3  and  4  in Figure 3.3-2).  The  fine  registration  process  was  repeated  for  the
proximal, distal, PE and DE surfaces, respectively (numbered 1, 6, 2 and 5 in Figure 3.3-2). At this 
point, the average distances and standard deviations of the proximal and distal surfaces were recorded. 
With  the  fine-registered  surfaces  of  the  PE  and  DE,  the  boundaries  of  MPS,  LPS  and  DS  surfaces 
were demarcated and cut by drawing curves with the aid of the curvature plot function, and their cut 
surfaces were used to measure their average surface deviations and standard deviations (Please refer
to Pages 135-138 in Chapter 3's Supplementary Materials for more details on how to establish the 3D 
measurements). 
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Figure 3.3-4. (a) The mirrored and aligned 3D model of the right tibia (in green) with the left tibia (in red). (b) Calculating 
the surface geometry differences (in mm) between the left and right tibia. The coloured map shows the surface deviations 
between two surfaces of interest. (c) Calculating the percentage surface distribution between the left and right tibia. The 
coloured map shows the percentage in which one bone is larger than the other. The red area indicates were the left bone is 
larger, while the blue are indicates where the right bone is larger. 
 
To determine whether the left is larger or smaller than the right tibia, we quantified the percentage 
distributions of the visible surfaces from the two models (Figure 3.3-4a and c). This was implemented 
utilising Rapidform’s ‘Go/No-go’ analysis which is part of the surface deviation function. The 
volumes of each bone were also recorded. Additionally, to compare the degree of dispersion between 
the left and right bones, their coefficient of variations (CV) were calculated, which is the ratio of the 
standard deviations (SD) divided by the average of each bone pair. This required tabulating the SD, 
and calculating the average of each bone pair's volumetric measurements. 
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With the variables from Part (A) and (B), the mean values were tabulated as the average of the 
respective left and right bone and surface measurements. The mean differences were recorded by 
subtracting the measurements between the left and right tibiae, and taking their absolute value. 
3.3.3 Statistical analysis 
With the measurements from Part (A), a paired-t test with a two-tailed distribution was conducted in 
the Statistical Package for the Social Sciences 21 (SPSS) (IBM Corp) to assess the statistical 
significance between the left and right bone models. A p < 0.05 was considered statistically 
significant. 
With the measurements from Part (B), a one sample, two-tailed t-test with a tolerance of 0.3 mm was 
conducted to quantify the statistical significance of the paired bone models. A p < 0.05 was 
considered statistically significant. Several papers stated that the accuracy of computer-assisted orbita 
and fracture reduction surgeries was no less than 0.8 mm, therefore a tolerance of 0.3 mm was 
considered as clinically irrelevant 
22-26
.  
Finally, a repeatability test was done by repeating all measurements on one pair of bone models three 
times. 
A workflow chart has been added to simplify the quantitative methods established (Figure 3.3-5). 
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Figure 3.3-5. A workflow chart describing the quantitative methods established for the 2D and 3D measurements. These 
measurements were repeated 3 times on one bone pair to test for repeatability. 
 
3.4 Results 
Surface geometry measurements of the whole bone, proximal, MPS, shaft, and DS regions were found 
to be statistically significant (p < 0.05). The rest of the surface and distance-based variables were 
found to be statistically insignificant (p > 0.05 respectively) (Table 3.4-1 and 3.4-2). 
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Table 3.4-1. Distance, perimeter, area and angle measurements. PD, MD and DD: Proximal, mid- and distal diaphysis; PE 
and DE: Proximal and distal epiphysis; MP and LP: Medial and lateral plateau; DS: Distal subchondral; DJ: Distal Joint; ML 
and AP: Mediolateral and Anteroposterior direction. The mean differences were recorded were as absolute values. 
   Left Right     
No. Variable Unit Mean Mean |Mean 
Differences| 
SD Range of 
Differences 
P-
value 
1. Length mm 355.7 354.0 2.0 3.8 -0.7 - 10.0 0.28 
2. PD diameter (ML) mm 32.3 32.8 0.6 0.6 -1.5 - 0.2 0.08 
3. PD diameter (AP) mm 34.9 34.7 0.8 1.0 -1.4 - 1.5 0.63 
4. MD diameter (ML) mm 23.9 23.7 0.7 0.9 -1.4 - 0.5 0.56 
5. MD diameter (AP) mm 25.3 25.5 0.5 0.7 -1.1 - 0.8 0.67 
6. DD diameter (ML) mm 24.7 24.5 0.6 0.8 -0.7 - 1.6 0.54 
7. DD diameter (AP) mm 22.0 21.9 0.6 0.8 -0.9 - 1.6 0.70 
8. PE width (ML) mm 77.6 77.6 1.0 1.3 -1.5 - 2.3 0.91 
9. PE width (AP) mm 60.1 60.6 0.6 0.6 -1.5 - 0.3 0.07 
10. DE width (ML) mm 52.3 51.9 1.0 1.1 -1.0 - 1.7 0.30 
11. DE width (AP) mm 43.6 43.5 0.8 1.1 -2.1 - 1.5 0.95 
12. MP width (ML) mm 29.4 29.8 0.7 0.7 -1.0 - 1.0 0.25 
13. MP breadth (AP) mm 47.4 47.8 1.6 2.0 -2.7 - 3.1 0.58 
14. LP width (ML) mm 34.3 33.6 1.3 1.9 -1.8 - 4.4 0.35 
15. LP breadth (AP) mm 38.8 38.6 2.1 2.7 -2.4 - 4.7 0.83 
16. DS surface width (ML) mm 34.2 34.9 1.1 1.3 -2.9 - 1.0 0.20 
17. DS surface breadth (AP) mm 30.5 30.7 2.8 3.6 -4.3 - 6.0 0.90 
18. PD perimeter mm 106.0 106.5 1.3 1.4 -2.3 - 1.3 0.43 
19. MD perimeter  mm 77.5 77.4 1.4 1.8 -2.2 - 2.6 0.83 
20. DD perimeter mm 74.3 73.7 1.4 1.9 -1.6 - 4.1 0.48 
21. PD area mm
2
 799.6 801.5 20.4 25.7 -33.0 - 40.9 0.85 
22. MD area mm
2
 498.0 497.5 11.2 14.6 -15.9 - 22.3 0.93 
23. DD area mm
2
 424.6 417.8 16.9 22.3 -16.1 - 49.1 0.45 
24. MP slope (°) 11.0 11.7 2.6 2.8 -3.6 - 3.5 0.51 
25. LP slope (°) 8.9 10.1 2.2 2.2 -2.6 - 3.7 0.21 
26. Proximal slope (°) 83.5 82.9 1.1 1.4 -0.7 - 3.1 0.29 
27. DJ slope (°) 86.9 86.8 1.0 1.3 -1.9 - 1.6 0.84 
 
Table 3.4-2. Surface geometry measurements. MD: Mid diaphysis. MPS and LPS: Medial and lateral plateau subchondral; 
DS: Distal subchondral. The mean surface deviations were taken as absolute values. 
  Surface Deviations 
between left and right 
   
Pair
No. 
Surface 
Region 
|Mean| (mm) SD Range of Measurement p-value 
1. Whole bone 0.6 0.2 -0.1 - 0.3 0.00 
2. Proximal 0.5 0.1 -0.2 - 0.1 0.00 
3. MD 0.4 0.2 -0.3 - 0.2 0.02 
4. Distal 0.3 0.2 -0.2 - 0.4 0.46 
5. MPS 0.2 0.1 0.0 - 0.3 0.00 
6. LPS 0.3 0.2 -0.1 - 0.3 0.36 
7. DS 0.2 0.0 0.0 - 0.1 0.01 
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Fourteen out of 23 distance, perimeter and area variables (excluding the slope) showed that the left 
tibiae is larger than the right (Table 3.4-1). This is in agreement with the percentage surface 
distributions and volume measurements, where 5 out of 7 pairs of tibiae showed that the left was 
larger than the right (Table 3.4-3). 
Table 3.4-3. Differences in surface distribution and volume between the left and right tibia for all seven tibiae pairs. 
 Surface Distribution (%) Volume (mm
3
) 
Pair No. Left Right Left Right 
1. 57.8 42.2 328611 325386 
2. 59.2 40.8 256921 249074 
3. 42.4 57.6 207130 211083 
4. 52.1 47.9 271898 269828 
5. 61.8 38.2 222871 219515 
6. 50.5 49.5 328967 324997 
7. 44.0 56.0 284084 289778 
 
Coefficient of variation calculations were shown to have minimal disparity of 1 to 2% between the 
left and right bone volume measurements (Table 3.4-4) . 
Table 3.4-4. volumetricusingtibiarighttheandleftthebetween(CV)variationofcoefficienttheCalculating
measurements. 
Pair No. SD Mean CV (%) 
1. 2280.4 326998.5 1 
2. 5548.7 252997.5 2 
3. 2795.2 209106.5 1 
4. 1463.7 270863.0 1 
5. 2373.1 221193.0 1 
6. 2807.2 326982.0 1 
7. 4026.3 286931.0 1 
 
 
   
 
 
The repeatability test done three times on one paired tibiae showed a small degree of variability in the 
length,  diameter,  width,  perimeter  and  area  of  all  regions  of  the  bone  (0.01  to  0.1  SD),  and  this
variability increases with the MP, LP, and DS breadths and widths, as well as the proximal, MP, LP 
and DJ slopes (0.03 to 0.78 SD). However, surface geometry measurements showed a small degree of
variability for all the surface regions (0 to 0.02 SD) (Table 3.4-5).  
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Table 3.4-5. Repeatability test for one paired tibia (Pair No. 4). 
Type of measurement Variable Name Range of SD 
(mm) 
Distance, angle 
perimeter and area 
Length 
PD, MD and DD diameter 
PE and DE breadth and width 
PD, MD and DD perimeter and area 
0.01- 0.10 
MP, LP and DS breadth and width 
Proximal, MP, LP and DJ slope 
0.03 - 0.78 
Surface geometry All surface regions 0 - 0.02 
 
3.5 Discussion 
The contralateral bone is often used as a reference in the field of research, forensics, and clinical 
practice. This approach assumes that there are insignificant differences between the left and right 
bones, even though previous studies have reported bilateral asymmetries in long bones 
7, 8
.  On the 
other hand, these studies have utilised human remains from the pre- and early industrial period, 
therefore cannot fully represent the asymmetries in modern humans. Therefore, the aim of this study 
was to develop a comprehensive method to compare the bilateral asymmetries of the tibia using 3D 
bone models reconstructed from the present human population in order to determine if the 
contralateral can be used as a comparable reference standard. 
The quantification of differences between the tibiae-pairs in terms of distance, angle, perimeter and 
area measurements from the various anatomical regions of the tibia have revealed insignificant 
differences (p > 0.05). Present results are different compared to the studies conducted by Plochocki 
(2004) and Auerbach and Ruff (2006), where the bilateral asymmetries of the tibia such as the distal 
tibia articular breadths and diaphyseal breadths were reported. This may be due to the differences in 
genetic and behavioural traits between pre-industrial and modern human times, but we were unable to 
validate this aspect as our study was limited to a small number of specimens. While a post-hoc 
analysis revealed that 6 tibiae pairs were sufficient to detect significant differences between the left 
and the right bones, a larger sample size will be required for quantifying the differences between pre-
industrial and modern human bones.Additionally, the present measurement techniques took into 
consideration the 3D surface of the bones, which were not covered by previous studies and thus could 
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attribute to the difference in results. Nevertheless, our findings are in agreement with the hypothesis 
made by these authors stating less asymmetries in post-industrial groups. 
The percentage surface distribution and volume between the left and right tibiae pairs indicate a left 
bias, which is consistent with the distance measurements. However, it is to be noted that volume does 
not contain any shape information and therefore cannot be used to quantify the asymmetries in shape 
between two bone surfaces. Other anthropological studies have also reported that the left bone is 
larger than the right in the lower limb, though there is less bilateral variations in the lower compared 
to the upper limb 
8, 27-29
. One pair showed a noticeable percentage surface difference, where the left 
was larger (61.8%) than the right (38.2%). It is unlikely that the cause of these differences was due to 
bone diseases as such cases were not included in this study. However, these differences may be 
caused by the mechanical environment that the bones are subjected to, which may accelerate or 
impede structural growth 
30
. Preferences of a person for using one body side more than the other 
31
 
may also explain these differences. Ingelmark (1974) observed that a right-handed person is likely to 
have a more developed contralateral left lower limb due to an increase in its muscle contractions in 
order to compensate and support the right upper limb 
32
. This suggests that the cadavers we obtained 
were from right-handed patients with a larger left lower limb. Our results were also in agreement with 
Peters et al. (2006) whom reported that more than 77% of 255100 people showed a right hand 
preference 
33
. 
The novelty of this study was to quantify the bilateral similarities and/or differences of the 3D surface 
geometries of the tibia, which were not achievable with the use of vernier callipers or 2D images in 
previous studies 
7, 8, 14-16, 34
. We were particularly interested in the asymmetries of the bilateral MPS, 
LPS and DS surfaces compared to the rest of the regions due to their associated load bearing 
properties and common use in the clinical setting for the pre-operative planning and postoperative 
assessment of articular fractures in the tibial plateau and pilon 
4, 35
. Although the MPS and DS 
surfaces showed significant bilateral differences (p < 0.05), their mean surface deviations were found 
to be less than 0.3 mm. These results suggest that the contralateral tibia can be used as a comparable 
reference standard for such clinical applications since the differences were minute. 
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We have also observed that there were significant surface geometrical differences (p < 0.05) between 
the left and right tibiae surfaces as a whole, and also at the proximal and mid diaphysis regions. This
is inconsistent with the insignificant differences we have found in the distance, angle, perimeter and 
area  measurements.  It  appears  that  this  is  largely  due  to  the  fact  that  these  measurements  cannot
provide  an  overall  geometrical  representation  because  they  are  two-dimensional  and  their 
measurements  are  dependent  on  identifying  specific  anatomical  positions  rather  than  taking  into 
account  the  bone  surface  as  a  whole.  From  these  findings,  a  new  possibility  exists  for  forensic
examinations to establish new formulas by incorporating the surface geometries of bilateral 3D bone 
models so as to identify human remains more accurately.
The repeatability tests that we have conducted on one tibia pair revealed that there is a small degree of
variability in the length, diameter, epiphyseal breadth and width, perimeter and area (≤ 0.1 SD) (Table 
3.4-5).  This  is  due  to  the  semi-automated  process  of  identifying  landmarks  to  measure  these 
variables.  Another  possible  source  of  error  may  come  from  the  semi-automated  process  in  defining 
the anatomical axis. However, we have found by repeating the creation of the anatomical axis three
times,  the  variability  of  the  angles  between  the  axes  were  less  than  0.1°,  which  would  not  have 
adversely  affected  our  results.  This  error  increases  when  taking  the  MP,  LP  and  DS  breadths  and
widths  (0.03  to  0.78  SD),  and  again,  this  was  largely  due  to  the  manual  process  of  delineating  the 
subchondral  bone  surfaces  compared  to  the  variables  mentioned  previously.  Even  though  the  same 
method was used to repeat these measurements, the challenge was to identify the correct anatomical 
position for the measurements to take place, especially in the subchondral regions. We are aware of 
previous studies outlining a different method in determining these dimensions from X-rays and MR
images 
16, 19
, but it proved unsuitable for our study due to the intricacy of the 3D structure i.e., the 
medial and lateral plateau peaks were less prominent for width and slope measurements in the ML 
and AP direction of the tibia. However, the user-generated errors were minimised and kept acceptably 
low as opposed to visually demarcating these surfaces without the curvature plot function. 
The surface-geometry measurements, due to automated registration and measurement processes, 
produced the highest accuracy and repeatability results as reflected by their low standard deviation 
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values (0 - 0.02 SD) compared to the distance, angle, perimeter and area measurements. These results 
also reinforce the necessity to include surface-based measurements in the quantification of bilateral 
bones instead of just relying on the distance, angle, perimeter and area measurements to determine 
their asymmetries. 
The importance of conducting the registration process to quantify the surface deviations for the whole 
bone first, and then again on the 6 anatomical regions (Figure 3.3-2), is reflected in applications 
involving articular surface reconstructions. This requires the matching of the intact contralateral side 
to help determine if an accurate anatomical reduction has been achieved 
36
. For this, a region-specific 
registration is more appropriate so that a joint shape comparison with the intact contralateral bone can 
be performed to assess the quality of articular reduction. 2D measurements are also essential for this 
application because angular measurements are conducted to verify joint congruency. Another surgical 
application utilising 2D measurements is high tibial osteotomies (HTO) 
37
, whereby the measurements 
of varus and valgus angles are calculated for pre-operative planning purposes. On the other hand, in 
the case of anthropological applications, the registration of individual regions may not be critical in 
determining the dimensions of a bone’s gross anatomy.  
Out of the seven pairs of specimens we have used, it was found that there was one pair showing 
noticeable length differences of 10 mm. Their mean surface deviations were also the highest 
compared to other pairs, suggesting that large length differences can be detected with good accuracy 
using surface deviation maps. As such, any bias between surface morphology and length 
measurements has remained negligible for the purpose of the study. We were unable to verify the 
extent to which a surface based analysis is able to detect differences in axial rotational alignment 
between the tibial plateau and plafond, since the specimens in the study were normal and healthy. 
Nevertheless, we expect that obvious differences in rotational alignment from the registered models 
would be visually apparent and reflected through systematic differences in the distance map. We 
expect 2D angular measurements to be appropriate for such cases. This can be potentially investigated 
in the future. To avoid bias in the results, we suggest that both 2D and 3D measurements be quantified 
to determine bilateral asymmetries of bones. 
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Besides being able to quantify the surface deviations, the use of 3D tibia bone models helps to better 
understand the complexity of their anatomical structure as they can provide an accurate and detailed 
representation of the bones' 3D surfaces. At the same time, the use of bone models minimises errors 
obtained from approximating measurements of the MP and LP slopes on superimposed radiographs 
16
. 
With regards to the method that we have established in measuring the DJ slope, our results (87° ± 
1.0°) were in a similar range with Paley's (2002) (89° ± 3°) 
38
. We were unable to make a fair 
 
 
 
 
comparison  for  the  MP,  LP  and  proximal  slopes  with  Hashemi  (2008)  and  Matsuda  (1998)  as  
their measurements were done on a single MR image, which was 2D in nature, as compared to our 3D
method. In both our and Matsuda's methods, however, it was interesting to note that a similar trend
was  observed  at  which the  LP  slope  was  steeper than  the  MP slope  by  2  to  3° despite the  different 
methods  used. This  suggests  that  the  3D  models  can  potentially  be  used  to  improve  pre-operative 
planning  of  other  orthopaedic  surgeries  such  as  total  knee  arthroplasty,  as  they  provide  more
information regarding the anatomical variations between the bilateral plateaus.
It  is  noted  that  the  number  of  triangular  surfaces  in  the  reconstructed  bone  models  were  different 
between  some  of  the  pairs  due  to  the  imposed  resolutions  of  the  clinical  CT  scans  from  the  two
institutions. However, this would not have significantly affected the outcome of our study as all the 
CT slice spacings were considerably lower than 1 mm, and this has been reported to hold sufficient
accuracy of ~0.2 mm in reconstructing the articular surfaces 
13
. Additionally, the segmentation errors 
were kept negligible (less than 0.11 mm) since a Canny filter was used to determine the region based 
threshold values during the segmentation process 
10
.  
Limitations in this study include a limited sample size (n = 7) to assess the bilateral asymmetries. 
Nonetheless, with this small sample size, we have extensively investigated the asymmetries by 
recording a total of 34 different variables consisting of 2D and 3D measurements which is much 
larger than previous studies. Secondly, the age range of the specimens used in the present study was 
also much wider, from 20 to 72 years. Hence, it was difficult to categorise the extent of bilateral 
asymmetries based on specific age groups i.e., if young adults have a smaller degree of bilateral 
asymmetries than the elderly.  
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In conclusion, the accurate quantification of bilateral asymmetries of the tibia requires both 2D and 
3D measurements. Since the results from our study showed that the subchondral bone surfaces of the 
left and right tibiae displayed minor differences of ~0.3 mm, this suggests that the contralateral tibia 
would lend itself as a suitable reference standard, especially in surgical applications involving the pre-
operative planning and post-operative assessment of articular fracture reduction. Taking into 
consideration a larger sample size for future studies,  the present method will be potentially useful to 
other long bones in order to assess their bilateral asymmetries.  
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Chapter 4 : 
Quantifying metal artefacts in CT and MR 
This chapter investigates the extent of metal artefacts using 3D models reconstructed from medical 
images acquired using different types of screws, screw material and imaging modalities (CT and 3T 
MR). This chapter has also been accepted for publication. The surgical procedure to prepare the 
specimen and a step-by-step guide outlining the quantification of metal artefacts have been added as 
supplementary materials (refer to Supplementary Materials for Chapter 4). 
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Metal artefacts from titanium and steel screws in 
CT, 1.5T and 3T MR images of the tibial pilon:  
A quantitative assessment in 3D 
 
4.1 Abstract 
 
 
  
 
  
 
Radiographs  are  commonly  used  to  assess  articular  reduction  of  the  distal  tibia  (pilon)  fractures 
postoperatively,  but  may  reveal  malreductions  inaccurately.  While  Magnetic  Resonance  Imaging
(MRI)  and  Computed  Tomography  (CT)  are  potential  3D  alternatives  they  generate  metal-related 
artifacts. This study aims to quantify the artifact size from orthopaedic screws using CT, 1.5T and 3T
MRI data.
Three screws were inserted into one intact human cadaver ankle specimen proximal to and along the 
distal articular surface, then CT, 1.5T and 3T MRI scanned. Four types of screws were investigated:
titanium  alloy  (TA),  stainless  steel  (SS)  (Ø  =  3.5  mm),  cannulated  TA (CTA) and  cannulated  SS
(CSS)(Ø = 4.0 mm, Ø empty core = 2.6 mm). 3D artifact models were reconstructed using adaptive
thresholding.  The  artifact  size  was  measured  by  calculating  the  perpendicular  distance  from  the 
central  screw  axis  to  the  boundary  of  the  artifact  in  four  anatomical  directions  with  respect  to  the
distal tibia.
The artifact sizes (in the order of TA, SS, CTA and CSS) from CT were 2.0 mm, 2.6 mm, 1.6 mm and 
2.0 mm; from 1.5T MRI they were 3.7 mm, 10.9 mm, 2.9 mm, and 9 mm; and 3T MRI they were 4.4 
mm, 15.3 mm, 3.8 mm, and 11.6 mm respectively. Therefore, CT can be used as long as the screws
are at a safe distance of about 2 mm from the articular surface. MRI can be used if the screws are at
least 3 mm away from the articular surface except SS and CSS. Artifacts from steel screws were too 
large thus obstructed the pilon from being visualised in MRI. Significant differences (p < 0.05) were 
found in the size of artifacts between all imaging modalities, screw types and material types, except
1.5T versus 3T MRI for the SS screws (p = 0.063). 
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CTA screws near the joint surface can improve postoperative assessment in CT and MRI. MRI 
presents a favourable non-ionising alternative when using titanium hardware. Since these factors may 
influence the quality of postoperative assessment, potential improvements in operative techniques 
should be considered. 
 
Keywords: 
CT, Metal Artifacts, MRI, Pilon, Tibial plafond 
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4.2 Introduction 
Intra-articular fractures of the distal tibia (pilon) are among the most complex injuries of the lower 
limb 
1
. Achieving anatomical reduction of the fragments is technically difficult and sometimes 
impossible, even for the experienced surgeon 
2
. Plain film radiographs are traditionally used to assess 
the quality of anatomical reduction of pilon fractures after open reduction and internal fixation. 
However, they have been shown to poorly demonstrate articular incongruities of the tibial pilon, 
especially in the rotational and translational alignment of the malreduced fragments 
3, 4
. Other studies 
have also shown similar findings for tibial plateau 
5
 and acetabulum fractures 
6
. In addition, depending 
on the severity of the fracture, location of orthopaedic implants used, and the position of the ankle at 
the time the radiographic examination is conducted, fracture fixation plates and screws may obstruct 
the features of the articular alignment 
7
 and can be over-projected 
8
, thus prevents clinicians from 
visually assessing the quality of joint reduction accurately. Moreover, plain radiographs are projected 
in 2D and cannot help distinguish the subchondral lines of reduced and non-reduced individual 
fragments, though the distal articular surface is three-dimensional (3D) in reality. 
Nevertheless, it is important to assess the quality of the articular reduction as studies have shown that 
irregular load distributions in the articular surface resulting from malreduced fragments can contribute 
to post-traumatic arthritis 
9
, sclerosis and osteophyte formation 
10
. Other medical imaging modalities 
such as Computed Tomography (CT) and Magnetic Resonance Imaging (MR) are alternatives to 
radiographs as they can produce 3D volumetric datasets of bones and its articular surfaces. 
However, due to burden on facilities, increased radiation exposure and costs compared to radiographs, 
post-operative CT scans of pilon fractures are only obtained for complex cases and not conducted on a 
routine basis. MR on the other hand is non-radiation based and provides superior imaging of the 
cartilage and other soft tissue structures. Although the use of MR has primarily been on the 
assessment of soft tissue injuries of the ankle 
11
, two recent studies by the authors have shown that 
MR based 3D models of long bones are of comparable accuracy to those generated from CT data 
12, 13
. 
Most of the modern commercial fracture fixation implants do not contain any ferromagnetic material 
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and are safe for patients to undergo MR scans at 1.5T and 3T 
14, 15
. Therefore, MR offers great 
potential as a single imaging modality and non-radiation based alternative to CT for post-operative 
assessments. 
A factor that affects post-operative image quality of both CT and MR is the presence of metal related 
artefacts caused by the fracture fixation implants, unlike radiographs. These artefacts degrade the 
image quality and often obstruct the bone and articular structure from being visualised, thus 
preventing clinicians from assessing the quality of surgical reduction. In CT, metal artefacts are 
typically seen as bold and starburst streaks resulting from beam hardening, partial volume effects and 
missing projection data 
16
. Susceptibility artefacts in MR are seen as bright and dark blotches in 
images due to signal mismapping and dephasing 
17
. The volume of these artefacts also depend on the 
size, shape, composition and the position of the implants with respect to the X-ray beams and 
magnetic fields of CT and MR scanners respectively 
18
. In spite of these shortcomings, recent studies 
have reported that suitable CT and MR protocols can significantly reduce the amount of such 
artefacts, which can then help to minimise the amount of image distortions 
16, 17, 19-23
. 
Although CT is often implicated with high radiation dosages, there have been recent technical 
advancements in the medical manufacturing industry with the development of suitable algorithms and 
protocols specifically catering for dose reduction 
24
 while at the same time aiming to preserve image 
quality 
25
. An example is the iDose protocol (Philips Medical Systems) utilised in this study. iDose 
utilises low energy and low dose contrast imaging, and is an iterative reconstruction technique 
capable of personalising the image quality depending on the needs of patients 
26
. From the same 
manufacturer, a post-processing algorithm is also available for the Metal Artefact Reduction for 
Orthopaedic Implants (O-MAR) to effectively reduce the amount of metal artefacts generated from 
orthopaedic implants and subsequently minimize image degradation and distortions 
27
. 
There are numerous studies that have assessed the extent of metal related artefacts for different 
imaging modalities, implant materials, implant types and anatomical regions 
16, 18, 28, 29
. Most of these 
studies have focussed on 2D qualitative assessments. Although Moon et al. (2008) have quantified the 
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3D volume of metal artefacts in CT, a volumetric measurement on its own does not provide 
information on the dimensions of the artefact. To the best of our knowledge, there are no published 
manuscripts that specifically quantify and compare optimally reduced metal artefacts of common 
orthopaedic screws for pilon fracture treatment across three clinical imaging modalities (CT, 1.5 T 
MR and 3 T MR). 
Therefore, the first objective of this study was to develop a simple method for the quantitative 
assessment of metal screw artefacts in 3D and in relation to the articular surface of the tibial pilon. 
The second objective was to apply this method to quantify and investigate the effects of imaging 
modality, screw type and material on the extent of the resulting metal related image artefact. 
4.3 Materials and Methods 
4.3.1 Preparation of specimen 
One female fresh frozen intact human cadaver specimen (knee to foot) was acquired from the body 
bequest program at the Medical Engineering Research Facility (MERF), Queensland University of 
Technology (QUT). The age of the specimen was 90 years old, and amputated from a left leg. The 
specimen was kept frozen at -20 °C at all times except for scanning sessions and surgical procedures. 
This specimen was defrosted 24 hours prior to the surgical insertion of metal screws. An L-shaped 
incision of about 6 cm in the anterolateral approach was made with a surgical blade to expose the 
tibial plafond. Utilising the C-arm fluoroscope for imaging and with the aid of K wires, 3 holes were 
drilled with a diameter of 2.8 mm at three different distances proximal to and along the distal tibial 
articular surface.  
Three metal screws of the same type and material were inserted into the holes. For this study, four 
different types of metal screws (Synthes, Oberdorf, Switzerland), commonly used in combination with 
small fragment locking plates, were investigated: titanium alloy TiAl6Nb7(TA) self-tapping locking 
screw, stainless steel (SS) self-tapping locking screw (both TA and SS thread Ø = 3.5 mm, length = 
40 mm); cannulated TA (CTA) long threaded screw, and cannulated SS (CSS) long threaded screw 
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(both CTA and CSS thread Ø = 4.0 mm, empty core Ø= 2.6 mm, length = 40 mm). The appropriate 
screw diameters and lengths depends on factors such as the quality of the bone width, strength and 
thickness, and the choice of the surgeon performing the procedure 
30
. However, several case reports 
have reported that the screw configurations used in this study were the most commonly used (range of 
3.5 to 4.5 mm diameters) in distal tibia fractures 
31, 32
. 
 
  
After the insertion of the screws, the skin flaps were closed with nylon thread, and the specimen was 
sealed  in  two  plastic  bags.  The  specimen  was  first  scanned using all  modalities  with  TA  screws.
Subsequently they were replaced with a set of SS screws and the specimen was rescanned. The same 
process  was  repeated  for  the  cannulated  screw  sets (Please  refer  to  Page  139 in  Chapter  4's
Supplementary Materials for more details regarding the surgical procedure). 
4.3.2 Acquisition of CT and MR data 
CT 
The specimen was positioned on the scan table by aligning the long axis of the tibia with the long axis 
of the CT scanner (Philips iCT 256-slice). The following CT protocols were used: Tube voltage of 
120 kVp, X-ray tube current of 190 mA, slice thickness of 1 mm, slice spacing of 0.5 mm, B 
convolution kernel, thus giving a resulting voxel size of 0.21 x 0.21 x 0.5 mm. These protocols where 
chosen based on standard clinical parameters used for bone imaging at the hospital. The iDose 
function (low dose) was used for all of the CT scans. However, O-MAR post-processing was only 
applied for the TA and CTA screws as pilot scans showed that screws made of steel introduced grey 
streaks, thus reducing instead of improving the image quality.  
The images were saved in the DICOM (Digital Imaging and Communications in Medicine) format.  
MR 
The specimen was positioned on the bed with the spine array in place and covered with a body matrix 
receive coil. Following localizer images, sagittal images were aligned along the long axis of the tibia 
using the 3D FLASH VIBE sequence with the following parameters: TR = 11 ms, TE = 1.87 ms, 
62 
 
  
 
 
   
 
 
 
  
 
 
   
 
number  of  averages  =  2,  flip  angle  = 10°,  pixel  bandwidth  =  488,  FOV  =  120  x  140  mm,  slice
thickness = 0.5 mm, reconstruction matrix = 512 x 256 pixels, voxel size = 0.5 mm x 0.5 mm x 0.5 
mm.
This  process  was  repeated  with  the  1.5T  MR  scanner  (Siemens  Magnetom  Avanto)  using  the  same
protocols as the 3T MR (Siemens TRIO).
4.3.3 Reconstruction of 3D bone and metal artefact models
All the CT and MR data acquired was imported into the image processing software, Amira 5.3 (VSG,
France).  Based  on  a  semi-automatic  threshold  method  developed  by  Rathnayaka (2011),  the 
segmentation  of  bony  contours  was  applied  to  reconstruct  the  3D  bone  models.  This  process  was
repeated  again  to  segment  the  boundary  of  the  metal artefact so  as  to  generate  representative  3D
models.  After that,  all  3D models  were saved  in  STL-format  for importing  into reverse engineering 
software (Rapidform 2006, INUS Technology, Korea) for conducting the quantitative 3D assessment 
of the artefacts (Please refer to Page 141, 'Reconstruction of 3D models' in Chapter 4's Supplementary
Materials for more details).
4.3.4 Alignment of screw models
To  quantify  metal artefacts  produced  from  each  type  of  screw,  the  alignment  of  3D  screw  models 
relative to the metal artefact models must first be established so that the measurements for the extent 
of metal artefacts can be calculated from the central axis of the screw to the boundary of the artefact
in two orthogonal directions with respect to the distal tibia for each dataset.
To  correctly  position  the  screws  relative  to  the  CT  scans,  TA  screws  were  used  as  a  reference  by 
aligning the 3 screw models (provided by Synthes GmbH) in the centre of the artefact model with a
trackball  function.  The  position  of  the  screw  models  was  subsequently  validated  against  the  CT 
images (Figure 4.3-1). This position was replicated for all other CT data by using a fine registration 
function to align the screw models to the CT-generated bone models. Fine registration is based on the
iterative closest point algorithm (ICP) 
33, 34
 (Figure 4.3-1). 
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Figure 4.3-1. (Left) Positioning of screws using the trackball function. (Middle) Verifying the correct position of the screw 
relative to the CT image. (Right) Alignment of CT (in green) and MR (in blue) bone model using the fine registration 
function. 
 
 
 
 
  
 
   
 
  
  
For the positioning of all the screws in MR scans, the fine registration function was used to align the 
MR-generated bone model to the CT-generated bone model, then its screws were positioned relative
to the CT bone model. Again, the correct positions of the screws were validated against the MR data.
The  above-mentioned  procedure  was  repeated  with  3  cannulated  screw  models,  and  then  saved  as 
model files (MDL) for quantitative analysis to be carried out in Rapidform 2006. (Please refer to Page
141,  'Part  2:  Positioning  of  CAD  screws  in  3D  bone  and  metal  artefact  models'  in  Chapter  4's 
Supplementary Materials for more details).
4.3.5 Quantitative analysis of metal artefacts
A simple method was developed to conduct a quantitative comparison between the different artefact 
models in Rapidform 2006. As the authors were interested in the extent of the artefact in relation to 
the  articular  surface  of  the  pilon,  a  coordinate  system  based  on  the  anatomy  of  the  distal  tibia was
established.  The artefact measurements  were  taken  approximately  perpendicular  to  the  articular 
surface  and  in  the  superior-inferior  (SI)  direction  of  the  distal  tibia  following  the  alignment  of  the 
anatomical axis. Measurements in the medial-lateral (ML) direction were taken perpendicular to the 
anatomical axis. With this coordinate system, the distance between the central axis of the screw to the
boundary  of  the artefact can  be  measured  in two orthogonal  directions:  superior/inferior, and
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medial/lateral with respect to the distal tibia. Then, two surfaces were demarcated along the body of 
the screw to serve as a start and end point of the dimensions to be measured, and to focus on the 
artefacts generated in the subchondral bony region and the distal articular surface. Then, two curves 
were fitted along the boundary of the artefact in the SI and ML directions and cut using the two 
surfaces, resulting in four separated curves in the two orthogonal directions. 
To measure the perpendicular distance from the central axis of the screw to the boundary of the 
artefact, the ‘Curve/curve Deviation’ function was used by selecting the directional curve of interest 
and the central axis, respectively (Figure 4.3-2). This function calculates the average distance between 
all corresponding points along the 2 curves of interest and its standard deviations. 
 
Figure 4.3-2. Fitting a curve (numbered 2) along the artefact medially with respect to the central axis of the screw 
(numbered 1). The same process was repeated to create curves in the medial/lateral, and superior/inferior directions. The two 
rectangular-shaped surfaces (dotted lines named A and B) demarcate the region of interest in the subchondral area of the 
bone. 
 
 
 
 
 
The  same  procedure  was  repeated  for  the  remaining  2  screws  and  to  all  other artefact models.  For 
each artefact model, the average distance was calculated from the 4 directions, along with its standard
deviation (Please  refer  to  Page  144,  'Part  3:  Quantification  of  metal  artefacts',  in  Chapter  4's 
Supplementary Materials for more details regarding the quantitative methods established for the metal 
artefact measurements). However, as two screws were located in close proximity to each other, some
artefacts  overlapped  in between  the  screws  in the  ML  direction. Therefore, for these  cases we  were 
unable to determine the extent of the artefacts in the ML direction, and only considered the average of 
measurements in the SI direction. 
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4.3.6 Statistical analysis 
A paired-t test with a two-tailed distribution was conducted (Microsoft Excel 2007). This is to assess 
whether there are significant differences in the size of artefacts generated between the 3 imaging 
modalities, screw types and material types. A p < 0.05 was considered statistically significant. 
The authors have also conducted a repeatability analysis using the 1.5 T MR dataset, for the artefacts 
generated by the CTA screws. This was done by repeating the segmentation and quantification 
process, and applying the paired t-test between the initial and repeated results. 
A workflow chart has been added to simplify the quantitative methods established (Figure 4.3-3). 
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Figure 4.3-3. A workflow chart describing the quantitative methods established to measure the extent of the artefacts. These 
measurements were repeated 3 times on one bone to test for repeatability. 
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4.3.7 Results 
For all of the imaging modalities and screw types the cross sectional shape of the generated artefacts 
appeared non uniform relative to the screw centres (Figure 4.3-4). The mean artefact sizes (in the 
order of TA, SS, CTA and CSS) from CT were 2.0 mm, 2.6 mm, 1.6 mm and 2.0 mm; from 1.5T MR 
they were 3.7 mm, 10.9 mm, 2.9 mm, and 9 mm; and from 3T MR they were 4.4 mm, 15.3 mm, 3.8 
mm, and 11.6 mm respectively (Figure 4.3-5). 
 
Figure 4.3-4. CT and MR images of the pilon with the inserted scews. First row: TA screws. Second row: SS screws. Third 
row: CTA screws. Fourth row: CSS screws. Grainy streaks were present in the MR images with the steel screws. CT, 
computed tomography; MRI, magnetic resonance imaging; TA, titaninium alloy; SS, stainless steel; CTA, cannulated TA; 
CSS, cannulated SS. 
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Figure 4.3-5. Quantitative comparison on the extent of metal artefacts between the 4 types of screws and their associated 
imaging modalities. Distances are measured from the screw axis to the boundary of the image artefact. The error bars show 
the standard deviations. 
 
From Table 4.3-1, all p-values were statistically significant (p < 0.05) for all imaging modalities 
except 1.5T versus 3T MR for the SS screws (p = 0.063).The artefacts generated by CT were 
significantly lower than those generated from MR. 
Table 4.3-1. Statistical significance of measurements. 
 
p-values 
Titanium Steel Cannulated Titanium Cannulated Steel 
CT vs. 1.5T MR 0.005 0.006 0.001 0.002 
CT vs. 3T MR 0.003 0.013 0.005 0.005 
1.5T vs. 3T MR 0.020 0.063 0.027 0.032 
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Overall, metal artefacts generated from the 3T MR were the largest, followed by 1.5T MR and CT 
across all 4 types of screws. Additionally, cannulated screws produced smaller artefacts compared to 
non-cannulated for all 3 imaging modalities. 
The repeatability analysis showed that the artefact size for the CTA screws from 1.5T MR was 3.2 ± 
0.3 mm. This was compared with the results from the study (2.9 ± 0.3 mm), and it was found that 
there were small differences of 0.3 mm, but they were statistically insignificant (p = 0.18).   
4.4 Discussion 
Achieving anatomical reduction of a fractured pilon is fundamental in ensuring a successful surgical 
outcome. However, the predominant use of radiographs to assess the quality of articular reduction 
cannot provide an accurate representation of the malreduced fragments. A potential alternative is the 
use of CT and MR as they can provide a 3D representation of the distal articular surface. 
Nevertheless, orthopaedic implants have been widely known to distort the quality of these medical 
images, and the impact of these artefacts on the visibility of the articular surface remains uncertain. 
Therefore, this study aimed to quantitatively compare the extent of artefacts generated from common 
orthopaedic screws using a human cadaver ankle specimen. 
When comparing the extent of the artefacts with the radius of the screws, three (CT: TA, CTA and 
CSS) were found to be smaller or of the same size. This suggests that the gap between the surface of 
these screws and the joint can be about 2 mm away from each other to prevent the artefacts from 
interfering with the imaging of the pilon. However, the extent of artefacts were larger for MR (1.5T 
and 3T MR: TA and CTA), so the gap should be at least 3 mm. SS and CSS screws were unfeasible 
for MR imaging of the pilon as their artefacts were too large and did not allow the articular surface to 
be clearly visualised (Figure 4.3-4).  
In clinical applications, 3.5 mm cortex screws are typically used for the preliminary reduction and 
stabilization of articular segments 
35
. As such, the results of our study can help provide an indication 
regarding the minimum distance required between the surface of the screw and the joint for a clear 
visualisation of the pilon by considering the extent of the artefacts and its associated screw radii. 
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This study has also shown that the artefacts generated from 3T MR were larger than from 1.5T MR, 
and this was similarly observed in two other studies 
18, 19
. However, it is important to note that the 
image quality in 3T is higher compared to 1.5T MR due to its higher signal to noise ratio (SNR) and 
contrast to noise ratio (CNR) in the distal articular region 
20, 36
, resulting in the production of high 
resolution MR images of the trabecular bone and tendons in the foot and ankle. The use of 3T 
scanners may also reduce scan times 
37
. To generate a high resolution image and smaller artefact area 
simultaneously in 3T MR, possible solutions include increasing the readout bandwidth 
19, 20
, 
incorporating advanced software platforms such as SEMAC (Slice-Encoding Metal Artefact 
Correction) and MAVRIC (Multi-Acquisition with Variable Resonance Image Combination) 
17
, and 
reducing echo time 
18
. 
One probable source of measurement errors would be due to the non-uniform shape of the steel-based 
susceptibility artefacts. They were especially apparent from steel screws scanned using the 3T MR 
scanner (Figure 4.3-4). This would imply that the measurements recorded may vary depending on 
how the SI and ML reference planes were defined. The shape of the artefacts generated from CT 
images using TA and CTA screws were also slightly elongated in the ML direction compared to the 
SI direction in relation to the distal tibia. Nevertheless, even with the small dimensional differences 
and non-uniform shape, these would not have provided a negative impact on the obtained outcome 
because the region the authors were interested in is the perpendicular distance (SI) between the 
surface of the screw to the joint for our intended application. According to Schenck 
37
 and Gill 
38
, the 
magnetic susceptibility of stainless steel (3520 to 6700 x 10
6 
ppm) is higher than titanium (182 x 10
6
 
ppm), hence directly influences the size of the artefact produced, which may explain why steel-based 
susceptibility artefacts are larger than those from titanium. Geometric artefact distortions are also 
evident in these MR images due to signal shifts from the region of interest, which comes from 
frequency variations in the magnetic field due to higher and lower gradient locations around the 
hardware 
23, 39
. Since steel has larger magnetic susceptibility values than titanium, larger frequency 
variations may be produced, which increases the geometric distortions and result in artefact non-
uniformities. 
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Another probable source of errors could come from the segmentation process. Streaks were found on 
the MR images generated from the steel screws, which extended to the talar dome. These streaks 
appear to be of a different texture compared to the steel susceptibility artefacts. In this case, they were 
projected as grainy surfaces instead of blotches (Figure 4.3-4). Then again, although these streaks 
were removed as they were considered as a separate entity to the metal artefacts, they would not have 
changed the outcome if they were included because SS was found unsuitable for MR of the pilon. A 
potential improvement in image quality would be to utilise the 8-channel or dual channel quadrature 
extremity foot and ankle coil 
17
, though this is more suitable for TA and CTA screws. This was unable 
to be assessed due to its unavailability at the time of scanning procedure.  
Repeating the scans was not possible due to limited funding and access to the scanners. Therefore, a 
repeatability analysis was conducted. From this, the negligible differences in the size of the artefacts 
from the CTA screws (1.5T MR) were found to be 0.3 mm between the reported and repeated results. 
It was also found that the size of the metal artifacts were smaller than, or similar to that of the screw 
diameters. Based on this, these minute differences would not have significantly altered the results 
from the study. This was verified by comparing the statistical differences between the reported and 
repeated results, and it was calculated to be insignificant (p = 0.18). As such, the small reproducibility 
errors may be ignored for the rest of the datasets as they would not have affected the clinical outcome 
of the study. This was supported by several other metal artefact studies 
40-44
.  
CT has been well-regarded as the current gold standard for the acquisition of morphological data for 
the reconstruction of 3D bone models 
45
. Even though the authors report that CT produces 
significantly lower (p < 0.05) artefacts compared to MR, ionising radiation exposure cannot be 
completely eliminated. Calculation of radiation doses were not included in this study to determine the 
CT dose index (CTDI). This required an ion chamber to obtain the radiation dose output 
46, 47
, though 
this was unavailable at the time of the scanning session. Therefore the comparison of doses between 
standard CT protocols and those with iDose cannot be assessed. However, the post-processing 
technique iDose allows an improved image quality as it reduces noise in the images. A comparison 
was conducted using standard deviations in relation to noise between the conventional filter-back 
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projection (FBP) technique and iDose, and have found that the values in iDose (9.1) were smaller than 
FBP (14.0). With the reduction in noise, iDose can potentially help reduce radiation exposure in a 
patient, though its CTDI values need to be calculated to gain a better understanding. Other studies 
have also found that with iDose, radiation doses were reduced by 50 - 76%, while maintaining good 
quality CT images of the temporal bone 
48
 and coronary artery 
49, 50
, respectively. This then suggests 
that for clinicians whom prefer to use CT for orthopaedic imaging, this modality may be considered 
since radiation doses can be significantly reduced. 
Cannulated screws near the joint surface produce smaller-sized artefacts, which is advantageous in 
MR imaging applications. MR can also be presented as a viable post-operative imaging modality and 
is appropriate for long term clinical studies and clinical management due to its non-ionising 
capabilities as long as adequate resolution is used to visualise images of the pilon, and if the screws 
are further than 3 mm from the joint line. In terms of differences in material properties between 
titanium and stainless steel, titanium is less stiff than steel, thus beneficial as it promotes fracture 
healing and lower infection rates 
51, 52
. Although there is an emerging trend of using titanium alloys 
for internal fracture fixation due to its improved biocompatibility compared to stainless steel, both 
materials satisfy the main clinical outcome of fracture fixation, which is to achieve accurate 
anatomical reduction of the fracture fragments, stabilise and restore the function of the joint 
53
. By 
recognising these factors, surgical and imaging techniques can be further improved to optimise patient 
care in the future. 
Limitations in this study include not examining the extent of metal artefacts from other types of 
orthopaedic implants. Distal tibia fractures often require a combination of plates and screws for 
accurate anatomical reduction. However, fixation plates are normally located along the medial 
malleolus or the anterior-lateral region of the distal tibia as compared to screws which are in closer 
proximity to the articular surface. In a pilot scan with medial and anterolateral titanium plates, the 
results showed that the artefacts from the plates did not extend to the articular surface for CT and MR 
(Please refer to Figure 6.2-2). Based on this, the extent of artefacts from screws needs to be 
prioritised, though the artefacts can be compounded if there are many screws located close to each 
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other. Also, it is to be acknowledged that that the study has a limited sample size (n=1), therefore may 
be extended with larger sample size in the future to further validate the results. 
Besides the influence of metal artefacts on the surface geometries of 3D bone models, they have been 
known to affect the bone mineral densities (BMD) of various anatomical regions 
54-57
. BMD values 
are essential in predicting the effects of bone implants on the bone-tissue response in finite element 
analysis (FEA)
57
. While this aspect has not been explored by the student and beyond the scope of 
study, others have found that BMD values may still be estimated at 2 mm away from the joint, even 
with the presence of metal artefacts 
57
. This suggests that postoperative medical images carry the 
potential for creating 3D finite element models. Future investigation may be done to validate this 
aspect.  
A few pilon fracture studies have reported that the threshold error for the malreduced fragments is 
restricted to less than 2 mm displacement from the original anatomical position to prevent post-
surgical complications such as schlerosis and osteophytes 
58-60
. Other biomechanical studies have 
reported that an articular incongruity as small as 1 mm was found to produce detectable alterations in 
the stress distributions of the joint and resulted in asymmetrical loading and associated degenerative 
changes 
61-63
. CT was shown to detect articular step-offs between bony fragments in the acetabulum 
64
 
and the tibial plateau 
65
, but proved to be disadvantageous in the assessment of cartilage thickness in 
post-pilon fractures 
44
. In addition, CT exposes a patient to radiation. MR is not only radiation-free, 
but also the only modality that truly assesses the articular step between the cartilaginous surface on 
the various displaced joint fragments, though its accuracy in detecting the displaced cortical fragments 
need to be further examined. 
Some shortcomings of MR in the clinical setting is that their images are more expensive, usually more 
difficult to access in terms of resource allocation, and takes a longer time for acquisition versus CT. 
On the other hand, these would not be an issue for the assessment of reduction and potential arthrosis 
from post pilon fractures in the orthopaedic out-patient scenario, because there is no absolute urgency 
to obtain the images. In this case, the surgeon can minimise radiation exposure by requesting the 
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acquisition of MR images. Based on other studies conducted by the same research group, an MR scan 
for the whole leg took about 45-65 mins 
13, 36
, during which the leg was scanned in 4-5 stages of 10-12 
minute scans. This was tolerated by the volunteers who were able to keep their leg still during the 
individual scanning stages. This suggests that our MR protocol of 13 mins can also be tolerated since 
the duration of the scan is similar to that of the previous MR studies. However, CT can be an 
alternative for patients suffering from claustrophobia. 
The authors did not examine the heterogeneities in both the CT and MR images. However, technical 
factors were kept the same, such as the alignment of the screw relative to the long axis of the scanners 
and the protocols, hence the heterogeneities associated with the field of view would remain negligible 
for the purpose of this study. 
The authors did not assess the size of artefacts with the presence of fractures and with more screws, 
thus may imply that CT and MR protocols need to be further optimised to provide an accurate 
delineation of malreduced fragments. This is the objective of a current follow up study. The outcome 
of this follow-up study will potentially contribute to minimising or eliminating unnecessary radiation 
exposure to the patient, help determine the threshold level for the remaining articular incongruities 
leading to postoperative complications, and ultimately help improve clinical management of patients 
in the long term. 
In conclusion, CT generates significantly smaller artefacts compared to MR but comes at the expense 
of exposing a patient to ionizing radiation. 1.5T MR also generates smaller artefacts compared to 3T 
MR and hence presents a favourable alternative when using titanium hardware, though it is important 
to note that it produces lower image quality versus 3T. Postoperative assessment of pilon reduction in 
both CT and MR may be improved by using CTA screws when close to the joint surface, but 
precaution should be exercised to prevent implant failure. Surgeons need to consider these factors to 
allow accurate assessment of articular reduction and further improvement of operative techniques.  
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Chapter 5 : 
Assessing the feasibility of using postoperative 
MR-based bone models versus CT for the 
quantification of pilon articular reduction 
This chapter investigates the feasibility and accuracy of using bone models reconstructed from 3T MR 
images compared to the gold standard CT. This chapter has been submitted for publication. The 
surgical procedure in preparing the specimens, and a step-by-step guide outlining the methods to 
quantify articular incongruities have been added as supplementary materials (refer to Supplementary 
Materials for Chapter 5). 
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Can MR accurately detect pilon articular 
malreduction? A quantitative comparison between 
CT and 3T MR bone models 
 
5.1 Abstract 
Pilon fracture reduction is a challenging surgery. Radiographs are commonly used to assess the 
quality of reduction, but are limited in revealing the remaining bone incongruities. The study aimed to 
develop a method in quantifying articular malreductions using 3D CT and MR models. 
CT and MR data were acquired using three pairs of human ankle specimens. Osteotomies and 
reduction using titanium implants were done on five (three AO 43-B1, and two AO 43-C1 fractures),  
then rescanned. All datasets were reconstructed into CT and MR models, and were compared via 
intra-articular steps and gaps, surface deviations, malrotations and maltranslations of the bone 
fragments. 
Initial results reveal that Class B CT and MR models differed by ~0.2 mm(step), ~0.18 mm (surface 
deviations), ~0.56° (rotation) and ~0.4 mm (translation). Class C MR models showed metal artefacts 
extending to the articular surface, thus unsuitable for analysis. Class C CT differed from their CT and 
MR contralateral models by ~0.15 mm (surface deviation), ~1.63° (rotation) and ~0.4 mm 
(translation).  
Class B MR models were comparable to CT and may potentially be used for the postoperative 
assessment of articular reduction, depending on the implant material and size, and the distance of 
screws to the joint.  
Journal's main subject areas: Orthopaedic, Measurements 
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5.2 Introduction 
Pilon fractures often require surgical intervention to restore the displaced bone fragments back to their 
anatomical position. There is heavy reliance on the skills of the surgeon to achieve an optimal 
alignment, while paying particular attention to the articular surface re-establishment. The quality of 
articular reduction is essential to avoid subsequent trauma to the neighbouring tissues and bone 
structure 
1-3
.  
In the clinic, a radiograph of the intact contralateral bone is routinely taken and used as a template to 
compare against the reduced fracture site to assess the quality of articular reduction post-operative. 
CT images will only be used when a decision needs to be made for subsequent surgical treatment 
4
. 
However, metallic implants may obstruct the features of the articular alignment 
5
, hence may be 
limited in distinguishing the subchondral lines of the reduced and non-reduced individual fragments. 
This may also prevent the clinician from visually assessing whether the fragments have been varus- or 
valgus- angulated in order to decide if the pilon has been acceptably reduced. The correct position of 
the ankle during the radiographic examination is important to avoid overlooking injuries and provide 
a better projection of the bone contour 
6-8
. Otherwise, articular incongruities may be inaccurately 
illustrated, especially in the rotational and translational malalignments of the fragments 
9
. This clearly 
suggests that other methods of articular assessment are necessary. 
Although the threshold of error is restricted to 1 mm step-offs from the original anatomical position 
6-
8, 10
, the maximum allowable incongruities remains unclear because there is a lack of accurate 
measurement tools to accurately analyse the effects of articular incongruity and severity of the initial 
injury on the development of post-traumatic arthritis. Since McKinley et al. (2006) had stated that 
articular displacement of as small as 1 mm can alter the stress distributions of the ankle joint and 
potentially contribute to tissue degeneration 
2
, a reliable method is critical in quantifying the threshold 
level for the remaining articular displacements. 
Two promising imaging alternatives that can potentially overcome limitations arising from 
radiographs are Computed Tomography (CT) and Magnetic Resonance Imaging (MRI). CT is the 
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gold standard in the imaging of bony structures, and have been proven to be accurate in detecting 
articular incongruities of the acetabulum 
11
. However, CT is not routinely used in postoperative 
assessments of the pilon. CT also introduces higher radiation exposure and its images are more 
expensive compared to radiographs. MRI, on the other hand, is more popular for the diagnosis of soft 
tissue injuries and generates no ionising radiation 
12
. When fractures are accompanied by soft tissue 
damage, clinicians use MRI to evaluate the aspect of the overall injury (instead of both a CT and 
MRI).  
Although CT and MRI generate metal artefacts when patients are scanned with metallic implants, they 
can be reduced using post-processing algorithms 
13
 and specific scanning protocols 
14, 15
. A recent 
study by the authors quantifying metal artefacts had reported that if metal screws are situated 2 or 3 
mm away from the ankle joint for CT and MR imaging respectively, a clear visualisation of the ankle 
joint can be seen 
16
.  
Despite their individual drawbacks, both techniques allow bones to be represented three-
dimensionally (3D). Rathnayaka et al. (2012) and Lee et al. (2008) have used 3D bone models 
reconstructed from CT and MR images, then quantified their surface differences. They have found 
that the mean errors between the CT and MR models were as low as 0.23 mm and 0.5 mm for the 
human and ovine femora, respectively 
17, 18
. These results also suggested that MR-based models can 
be reconstructed with good accuracy as compared to the gold standard CT bone models. In another 
study, the benefit of using 3D bone models has been shown in the pre-operative planning of articular 
fractures as the displaced fragments can be rotated and translated in order to move them back to their 
original anatomical location 
19
. Therefore, to overcome the limitations arising from the use of 
radiographs, we propose to develop a quantitative method to assess the quality of articular reduction 
by using 3D bone models derived from postoperative CT and MR images of the pilon. 
By comparing the differences between CT and MR reconstructed bone models, initial results can be 
obtained to help determine the suitability of using MR as a potential single imaging modality for the 
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accurate quantification of articular reduction and the assessment of soft tissue injury. Additionally, if 
MRI can be used as an alternative to CT, patients can avoid unnecessary radiation exposure. 
The objective of this study is to develop a quantitative method to assess the quality of pilon articular 
reduction using CT- and MR-based 3D bone models, and to compare the accuracies between the two 
types of bone models.  
5.3 Materials and Methods 
5.3.1 Preparation of specimens 
Three pairs (left and right) of fresh frozen intact human cadaver specimens (mid shaft to foot) were 
acquired from the Body Bequest Program at the Medical Engineering Research Facility (MERF), 
Queensland University of Technology (QUT). The age range of the specimens was 70-92 years old, 
with an average of 84 years . One pair was male, and the rest female. The specimens were kept frozen 
at -20 °C at all times except for scanning and surgical procedures. 
The intact specimens were defrosted 24 hours prior to the first CT and MR scanning to acquire intact 
reference imaging data. Then, five specimens were selected to simulate intra-articular fractures by 
creating osteotomies at the distal tibia. Out of five, three were used to create an  AO 43-B1 fracture 
(pure split, partial articular), while two were used to create an AO 43-C1 fracture (articular simple, 
complete articular) (Please refer to Figure 2.1-2 for illustration), as defined by the AO Foundation 
20
. 
These two types of fractures were classified as the most common-occurring  
21
. The tibial plafond was 
exposed through a standard anteromedial or anterolateral approach, depending on the type of fracture. 
After the creation of osteotomies, an open reduction and internal fixation with plate and screws was 
conducted.  
To create an AO 43-B1 fracture, a surgical saw was used to cut from the medial aspect of the tibia 
(diaphysis), in a near sagittal plane, distally into the epiphysis, ending just proximal of the subcondral 
bone. Thereafter a chisel was used to create a sagittal split of the tibial plafond. The medial fragment 
was slightly displaced from the otherwise intact distal tibia to ensure complete bony separation and 
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then reduced back to the tibia. Internal fixation was performed with 3.5mm titanium medial distal 
tibia locking compression plates (LCP) (Synthes, Bettlach, Switzerland), and a combination of 
titanium non-locking (proximal) and locking (distal) cortical screws (thread Ø= 3.5 mm) (Figure 5.3-
1). One specimen was reduced anatomically, while the other two were left with intraarticular stepoffs 
of approximately 2 to 2.5 mm. No intraarticular gaps were created. 
To create an AO 43-C1 fracture, the middle location of the metaphysis was identified with the help of 
K-wires. This location was also perpendicular to the distal articular surface. Then, the chisel was used 
to split the medial malleolus from the distal tibia. This resulted in a medial-lateral (ML) fracture line 
extending from the metaphysis to the articular surface. This process was repeated to create another 
fracture line in the antero-posterior (AP) direction of the articular surface. These specimens were 
reduced and internally fixed using a  3.5 mm titanium anterolateral distal tibia plate (Synthes, 
Bettlach, Switzerland), and a combination of titanium locking and non-locking cortical screws (thread 
Ø = 3.5 mm) (Figure 5.3-1). The surgical reduction of all specimens were confirmed  using the C-arm 
fluoroscope (Please refer to Figures S3-5 and S3-9 in Supplementary Materials for Chapter 5). 
 
Figure 5.3-1. Illustration of the 3.5 mm titanium anterolateral 22 (Left) and medial 23 (Middle) distal tibia plate. Picture of a 
titanium cortical (Top Right) and locking (Bottom Right) screw (Ø = 3.5 mm).  
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5.3.2 CT and MR data 
To acquire reference CT and MR data, all six intact specimens were CT and MR scanned before the 
surgery. For CT, each specimen was positioned on the scan table by aligning the long axis of the tibia 
to the long axis of the CT scanner (Phillips iCT 256-slice) with the help of scout views. The following 
CT protocols were used: Tube voltage of 120 kVp, X-ray tube current of 190 mA, slice thickness of 
0.8 mm, slice spacing of 0.4 mm, D convolution kernel, thus giving a resulting voxel size of 0.2 x 0.2 
x 0.4 mm. 
For MR, each specimen was positioned on the examination bed with a spine array in place and 
covered with a body matrix receive coil. With the help of localizer images, sagittal slices were 
acquired by aligning the long axis of the bone to the long axis of the 3T MRI scanner (Siemens 
TRIO). The following MR parameters were used: 3D FLASH VIBE sequence, TR = 11 ms, TE = 
1.87 ms, number of averages = 2, flip angle = 10°, pixel bandwidth = 488, field-of-view (FOV) = 120 
x 140 mm, slice thickness = 0.5 mm, reconstruction matrix = 512 x 256 pixels, in-plane resolution = 
0.5 x 0.5 mm.  
After surgery, each osteotomised specimen was scanned using the same MR parameters. As for CT, a 
standard clinical scan protocol was used: slice thickness of 1 mm, slice spacing of 0.5 mm, B 
convolution kernel, giving a resulting voxel size of 0.2 x 0.2 x 0.5 mm. This time, the iDose (low 
dose) function was included. 
All CT and MR images were saved in the DICOM (Digital Imaging and Communications in 
Medicine) format. 
5.3.3 Reconstruction of 3D bone models 
All the CT and MRI data acquired were imported into the image processing software Amira 5.4.5 
(FEI, Hillsboro, OR). A semi-automated threshold method developed by Rathnayaka et al. 
24
 was used 
to calculate the threshold values of the shaft and distal regions of the tibia, after which these values 
were used to segment the outer bony contours of the bone, generating 3D models from CT and MR 
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images. Metal artefacts found in the images were also removed by manually delineating the bone 
contours to exclude regions affected by these artefacts (Please refer to Page 151, 'Part 1: 
Reconstruction of 3D models' in Chapter 5's Supplementary Materials for more details). 
The generated 3D models were saved in STL format for importing into the reverse engineering 
software Rapidform 2006 (INUS Technology, Korea) for conducting the quantitative 3D assessment 
of the intraarticular step and gap sizes, surface deviations, as well as the bone fragment malrotations 
and maltranslations relative to the contralateral bone. 
5.3.4 Intra-articular steps 
The use of 3D bone models allow step and gap sizes to be measured in two ways: along the entire 
fracture line, and at specific points. Point measurements are being currently practised in the clinical 
environment using individual CT image slices of the anatomical region of interest 
3, 11
. 
 
 
To  measure  step  sizes  along  each  fracture  line,  several  semi-automated  steps  were  required.  Firstly,
four points (P1 - P4) inferior, and one point (P5) superior to the epiphyseal fragment were manually 
demarcated  to  create  an  interconnecting  plane  parallel  (Plane  1)  to  the  fracture  line.  Secondly,  two 
interpolating curves (Curves 1 and 2) were manually drawn on opposite sides of the fracture line, then 
perpendicularly projected onto Plane 1. These two curves were located no more than 2 mm away from 
the  edge  the  fracture  fragment.  Finally,  the  two  projected  curves  were  selected  and  a  'Curve-curve
deviation'  function  was  used  in  Rapidform  2006  to  calculate  the  minimum,  maximum  and  average 
distance between all corresponding points along the two curves of interest (Figure 5.3-2).  
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Figure 5.3-2. (Left) Marking points (P1-P5, black squared dots) to generate Plane 1; Drawing Curves 1 and 2 (red lines) 
parallel to and on opposite sides of the fracture line. (Right) Using the 'Curve-curve' deviation map to measure the 
minimum, maximum and average distances between two projected curves of interest (Projected Curves 1 and 2 in dotted 
lines). 
 
 
To  measure  step  sizes  at  specific  points,  three  paired  points  were  manually  marked  with  the  aid  of 
Curves 1 and 2, as well as 3 perpendicular curves (Curves 3, 4 and 5) fitted to the anterior, posterior
and mid-section  of  each  fracture  line.  After  that,  a  shaft  axis  was  automatically  fitted  to  the  intact
region of the mid-diaphysis, and two planes (Planes 2 and 3) were  automatically fitted perpendicular 
to  the  shaft  axis  for  each  paired  point  (Figure 5.3-3).  The  perpendicular  distances  between  two 
planes corresponding to each paired point were recorded. The maximum, minimum and average of the 
three  distance  measurements  were  tabulated (Please  refer  to  Page  151,  'Part  2:  Quantification  of 
intraarticular step size' in Chapter 5's Supplementary Materials for more details).  
 
Figure 5.3-3. (Left) Marking paired points (P6 - P8, black squared dots) for point-specific step size measurements. (Right) 
An example of measuring the perpendicular distance between Planes 2 and 3 relative to Point 6 (P6). 
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  5.3.5 Intra-articular gaps
To measure the intra-articular gap along each fracture line, several semi-automated steps were carried 
out. Firstly, with the aid of the 'Curvature Plot' function in Rapidform 2006, intra-articular gaps in the 
bone surface were identified. This function shows the curvature distribution of a surface and therefore
helps to identify the location of the gaps in the bone surface (Figure 5.3-4). Next, two interpolating 
curves (Curves 6 and 7) were manually drawn along the gap facing the edge of the bone fragment, and
projected onto a horizontal plane (Plane 4) that was automatically fitted at 90 degrees to the shaft axis. 
Now with horizontal curves, the 'Curve-curve deviation' function was used to measure the minimum,
maximum and average distances between the two. 
 
 
 
 
 
 
Figure 5.3-4. (Left) An example of using the  'Curvature Plot' function to identify and demarcate intraarticular gaps  with 
curves (Curves 6 and 7 in black lines); (Right) Using the 'Curve-curve' deviation map to determine the maximum, minimum 
and average distances between two projected curves of interest (Projected Curves 6 and 7 in dotted lines).
As for intra-articular gaps at specific points, three paired points (P9 - P11) were manually demarcated 
inside the gap and relative to three perpendicular curves (Curves 8, 9 and 10) located at the medial, 
lateral  and  mid-section  of  each  fracture  line.  Two  planes  (Planes  5  and  6)  corresponding  to  each 
paired point and parallel to the fracture line were automatically fitted. Then, the maximum, minimum 
and average horizontal distances from the three paired points were recorded (Figure 5.3-5) (Please
refer  to  Page  156,  'Part  3:  Quantification  of intraarticular  gap  size'  in  Chapter  5's  Supplementary 
Materials for more details).  
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Figure 5.3-5. (Left) Marking three paired points (P9 - P11, red squared dots) to measure the gap sizes of specific anatomical 
regions. (Right) An example of measuring the horizontal distance between two planes (Planes 5 and 6) to obtain the gap size 
relative to Point 9 (P9). 
 
5.3.6 Surface deviations 
To quantify deviations between two surfaces, a regional registration process was conducted in 
Rapidform 2006. This process uses the Iterative Closest Point (ICP) algorithm to converge the 
distances between two similar surfaces to a minimum 
25
. The regional registration was conducted by 
selecting  and  aligning  the  intact  region  of  the  osteotomised  model  to  the  reference  model.  The 
reference  model refers to the  intact (same  side)  or  contralateral  bone.  After  completing  the  regional 
registration,  the  subchondral  surfaces  of  these  two  models  were  cut  using  interpolating  curves.
Finally,  a  'Shell/Shell  Deviation'  function  was  used  to  calculate  the  average  and  maximum  surface 
deviations between the two selected surfaces (Figure 5.3-6).  
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Figure 5.3-6. (Left) Selecting the intact regions (black dotted lines) of the osteotomised model (brown) for regional 
registration. The green model is the reference (intact, same side). The red interpolating curve was used to cut the 
subchondral surface. (Right) Measuring the surface deviations between two selected surfaces. The regional registration 
process was repeated using the intact contralateral model. 
 
To compare the accuracy between CT and MR models, the average surface deviations between the CT 
and MR models were subtracted from each other, and their differences averaged (Please refer to Page 
157, 'Part 4: Quantification of intraarticular surface differences', in Chapter 5's Supplementary 
Materials for more details). 
5.3.7 Malrotations 
Now that the reference is optimally aligned relative to the intact region of the osteotomised model, a 
coordinate system was established to determine the degree of malrotations of the displaced epiphyseal 
fragments relative to the reference. In order to minimise user-generated errors, this system was 
generated using the osteotomised model rather than their respective reference models as it was a 
common entity for all CT and MR models. 
The coordinate system was established in several steps. Firstly, an axis was manually fitted (S1) to the 
intact shaft of the osteotomised model. Secondly, the distal diaphysis encompassing the bone 
fragment was fitted with a cone to locate the mid-point of the distal tibia. This midpoint was used to 
automatically generate a coronal plane in the ML direction of the distal tibia. Thirdly, using the same 
midpoint, a sagittal plane was created perpendicular to the coronal plane, and in the AP direction of 
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the distal tibia. Fourthly, an axial plane was created by automatically fitting a perpendicular plane to
the  shaft  axis.  Currently,  with  the  coordinate  system  of  the  osteotomised  model  established  (Figure 
5.3-7), another copy of the of the shaft axis (S2) and orthogonal planes were created and attached to 
the reference model. 
 
 
 
 
 
Figure 5.3-7. (Left) Establishing the coordinate system of the osteotomised model. A copy of the same system was attached 
to the reference (intact, same side). (Right) Conducting the regional registration process by selecting the displaced fragment
surface (dotted lines) of the osteotomised model (brown) and aligning it with the reference (green). The regional registration 
process was repeated using the intact contralateral model.
To  measure  the  degree  of  malrotations  between  the  reference  and  osteotomised  model,  a  regional
registration was performed by selecting the surface of the displaced fragment and aligning this surface 
relative  to  the  corresponding  reference  model  (Figure 5.3-7).  Using  the  osteotomised  and  the 
reference model's respective coordinate systems, the coronal and sagittal malrotations of the displaced
fragments  were  measured  by  projecting  S1  and  S2  onto  the  coronal  and  sagittal  planes  of  the 
reference  model,  and  measuring  the  angles  between  these  two  vectors  for  each  plane,  respectively.
Axial  malrotations  were  measured  by  initially  creating  two  vectors  (V1  and  V2)  that  intersect  the 
coronal and axial planes in each coordinate system; then projecting them onto the axial plane of the
reference model and measuring the angle between the two vectors (Figure 5.3-8).
A  valgus  or  varus  angulation  of the  distal  part  of  the  bone  fragment  was  considered  positive  or 
negative with respect to the coronal and sagittal planes of the reference model. Additionally, a bone
94 
 
fragment that was displaced anteriorly or posteriorly relative to the axial plane was considered 
positive or negative, respectively (Please refer to Page 159, 'Part 5: Quantification of rotational 
malalignment' in Chapter 5's Supplementary Materials for more details). 
 
  
 
 
  
 
 
Figure 5.3-8. Using the projected vectors to measure the (Left) coronal; (Middle) sagittal; and (Right) axial malrotations 
relative to the coordinate system of the reference model.
5.3.8 Maltranslations
To  measure  the  maltranslations  of  the  displaced  fragments  relative  to  the   reference,  again  their 
respective coordinate systems were used. Firstly, an intersecting point (P12) was created in the middle 
of the articular surface using two curves (Curves 11 and 12) that were created at the same position of
the coronal and sagittal planes of the reference model . Secondly, P12 was used to measure against the
coronal  and  sagittal  planes  of  the  osteotomised  model  to  calculate  their  respective  distance 
maltranslations  (Figure 5.3-9) (Please  refer  to  Page  162,  'Part  6:  Quantification  of  translational
malalignment' in Chapter 5's Supplementary Materials for more details).
For  each  quantitative  method,  the  accuracy  between  the  CT  and  MR  models  were  measured  by 
calculating  the  malalignment  of  the  displaced  fragments.  This  was  done  by  subtracting  the  two
dimensions of interest, and reporting their absolute values, respectively. 
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All measurements were tested for their repeatability three times using one CT and one MR bone 
model. 
 
Figure 5.3-9. (Left) Creating two curves (Curves 10 and 11 in yellow) from the coronal and sagittal planes attached to the 
reference model; Measuring the (Middle) Coronal and (Right) sagittal translations relative to the coordinate system of the 
osteotomised model. 
 
A workflow chart has been added to simplify the quantitative methods established (Figure 5.3-10). 
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Figure 5.3-10. A workflow chart describing the quantitative methods established to measure the displacements of the bone 
fragments relative to the reference model. These measurements were repeated 3 times on one bone to test for repeatability. 
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5.4  Results 
No gaps were found in Class B models, therefore their gap measurements were not carried out (Figure 
5.4-1). Fracture lines along articular surfaces were not seen in CT and MR images of anatomically 
reduced bones, thus not reflected in the reconstructed 3D models (Row 1 of Figure 5.4.1). Also, metal 
artefacts extended to the articular surface for Class C MR models, hence quantification analysis was 
excluded for these models (Figure 5.4-2). 
 
Figure 5.4-1. Subchondral surface images of Class B fracture models with their corresponding coronal CT and MR images. 
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Figure 5.4-2. Subchondral surface images of Class C fracture models with their corresponding sagittal CT and MR images. 
 
Step measurements of Class B specimens via curve deviation and point-specific methods showed 
differences of ≤ 0.7 mm and ≤ 0.4 mm between CT and MR models (up to ± 0.2 mm SD). (Table 
5.4-1).  
Table 5.4-1. Intraarticular step size measurements of Class B osteotomised specimens. The fracture line extends from the 
medial to the lateral (ML) region of the subchondral surface. * Denotes specimen with correct anatomical articular reduction. 
No steps and gaps were visualised from the 3D model of this specimen. 
Intraarticular step size: Class B fracture (mm) 
 Curve Deviation (mm) Point-specific Region (mm) 
 CT MR CT MR 
No. 1* 2 3 1* 2 3 1* 2 3 1* 2 3 
Min 0 1.7 2.5 0 1.0 2.4 NA 1.6 2.4 0 1.5 2.8 
Max 0 2.6 3.4 0 2.5 3.2 NA 2.3 3.4 0 2.6 3.2 
Ave 0 2.2 2.8 0 2.0 2.9 NA 2.0 2.9 0 2.0 3.0 
Median 0 NA NA NA NA NA NA 2.2 2.8 0 2.0 2.9 
SD 0 0.2 0.2 0 0.4 0.3 NA 0.4 0.5 0 0.5 0.2 
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For Class C CT models, step-off differences between the curve deviation and point-specific method 
were ≤ 0.7 mm (up to ± 0.6 mm SD) in either methods (Table 5.4-2). Specimen 5 contained the 
largest mean step size (1.5 mm, 1.3 mm) in either methods as well. 
Table 5.4-2. Intraarticular step size measurements of Class C osteotomised specimens. The fracture lines extend from the 
medial to lateral (ML) region, and anterior to posterior (AP) region of the subchondral surface. MR-based models were 
excluded as metal artefacts obscure the intraarticular steps from being seen. 
Intraarticular step size: Class C fracture (mm) 
 Curve Deviation Point-specific Region 
 CT 
No. 4 5 4 5 
Fracture 
Line 
AP ML AP ML AP ML AP ML 
Min 0 0 0.7 0.4 0 0.2 0.8 0.8 
Max 1.2 0.6 2.6 2.3 0.6 0.5 1.9 1.9 
Ave 0.4 0.4 1.3 1.3 0.3 0.4 1.5 1.4 
SD 0.3 0.2 0.2 0.6 0.3 0.2 0.6 0.5 
 
Gap measurements of Class C CT models showed that the curve deviation and point-specific method 
differ by ≤ 0.8 mm (Table 5.4-3), with higher mean errors in the point-specific (± 1.5 mm) than the 
curve deviation method (± 1.0 mm). Specimen 5 contained the largest mean gap size (2.0 mm, 2.4 
mm) for either methods. 
Table 5.4-3. Intraarticular gap size measurements of Class C osteotomised specimens. The fracture lines extend from the 
medial to lateral (ML) region, and anterior to posterior (AP) region of the subchondral surface. Class B osteotomised 
specimens were excluded as no gaps were found along the subchondral surface. # No gaps were detected for Specimen 5 in 
the ML direction. MR-based models were excluded as metal artefacts obscure the intraarticular gaps from being seen. 
Intraarticular gap size: Class C fracture (mm) 
 Curve Deviation Point-specific Region 
 CT 
No. 4 5 4 5 
Fracture 
Line 
AP ML AP ML
#
 AP ML AP ML
#
 
Min 0 0.7 0.1 NA 0 1.6 0.7 NA 
Max 2.7 2.7 3.9 NA 1.9 2.1 3.7 NA 
Ave 1.4 1.7 2.0 NA 1.0 1.9 2.4 NA 
SD 0.4 0.5 1.0 NA 0.9 0.3 1.5 NA 
 
Average surface differences when comparing Class B CT and MR models versus their contralateral 
bone were 0.18 mm (± 0.22 SD). For Class C CT models versus their CT and MR contralateral bone, 
they were 0.15 mm (± 0.11 SD) (Table 5.4-4). 
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Table 5.4-4. Intraarticular surface deviation measurements to compare the differences between the reference bone model and 
the osteotomised bone model of interest. * Denotes the specimen that had correct anatomical articular reduction. ^ Denotes 
specimens whose MR-based models had metal artefacts extending to the subchondral surface. 
 Surface Deviation (mm) 
  (a) 
CT osteotomised 
vs. 
CT reference 
(same side) 
(b) 
CT osteotomised 
vs. 
CT reference 
(contralateral) 
(c) 
CT osteotomised 
vs. 
MR reference 
(contralateral) 
(d) 
MR osteotomised 
vs. 
MR reference 
(contralateral) 
 
 No.  Max Ave SD Max Ave SD Max Ave SD Max Ave SD 
Class 
B 
1* 0.47 0.15 0.12 1.30 0.40 0.33 1.35 0.44 0.37 1.45 0.42 0.32 
2 2.65 1.20 1.12 2.79 1.21 0.95 2.85 1.25 0.88 3.23 1.64 1.19 
3 2.89 1.15 1.25 3.15 1.21 0.79 2.57 1.34 0.53 2.98 1.3 1.11 
Class 
C 
4 
^
 3.60 1.02 1.07 4.62 1.49 1.14 4.55 1.56 1.11 NA NA NA 
5 
^
 3.87 1.06 0.79 4.05 1.36 1.25 3.65 1.13 0.87 NA NA NA 
 
Rotational and translational differences were quantified by measuring the angle and the displaced 
distance between the bone model of interest and the reference model in the coronal and sagittal 
planes, respectively. Rotational and translational differences of Class B CT and MR models versus 
their contralateral bone were ~0.56º and ~0.4 mm, respectively. However, when comparing these 
against the CT reference (same side), their differences were ~2.64° and ~0.5 mm (Table 5.4-5). Class 
C CT models versus MR contralateral differed by ~1.63º and 0.4 mm (Table 5.4-6). Specimen 1 had 
the lowest degree of malrotations and maltranslations (-0.18° to -1.03°, and ~0.2 mm), while 
Specimen 5 had the highest (-1.55º to 10.87º, and 6.77 mm), respectively.  
Table 5.4-5. Rotational measurements of the displaced fragments with respect to the coronal (C), sagittal (S) and axial (A) 
planes of the reference coordinate system. * Denotes the specimen that had correct anatomical articular reduction. ^ Denotes 
specimens whose MR-based models had metal artefacts extending to the subchondral surface. 
 Rotational malalignments (°) 
  (a) 
CT osteotomised 
vs. 
CT reference 
(same side) 
(b) 
CT osteotomised 
vs. 
CT reference 
(contralateral) 
(c) 
CT osteotomised 
vs. 
MR reference 
(contralateral) 
(d) 
MR osteotomised 
vs. 
MR reference 
(contralateral) 
 
 No. C S A C S A C S A C S A 
Class 
B 
1* -0.18 -0.17 -1.03 -0.03 -0.14 -4.23 -0.01 -0.17 -4.08 -0.25 -0.27 -3.67 
2 -1.61 -1.22 -3.27 -2.18 -0.92 -2.23 -1.63 -1.02 -1.99 -1.81 -0.99 -2.04 
3 -0.19 -0.18 -1.86 -0.78 -0.86 -0.49 -0.66 -0.9 -0.85 -0.30 -0.39 -0.6 
Class 
C 
4 
^
 -5.80 -3.98 1.48 -5.76 -2.55 3.09 -5.37 -2.19 1.48 NA NA NA 
5 
^
 -3.03 -1.55 10.87 -1.27 -1.58 9.23 -1.37 -2.07 10.86 NA NA NA 
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Table 5.4-6. Translational measurements of the displaced fragments with respect to the coronal (C) and sagittal (S) planes of 
the reference coordinate system. * Denotes the specimen that had correct anatomical articular reduction. ^ Denotes 
specimens whose MR-based models had metal artefacts extending to the subchondral surface. 
 Translational malalignments (mm) 
  (a) 
CT osteotomised 
vs. 
CT reference 
(same side) 
(b) 
CT osteotomised 
vs. 
CT reference 
(contralateral) 
(c) 
CT osteotomised 
vs. 
MR reference 
(contralateral) 
(d) 
MR osteotomised 
vs. 
MR reference 
(contralateral) 
 
 No. C S C S C S C S 
Class B 1* 0.2 0.2 0.7 0.3 0.7 0.4 0.6 0.4 
2 1.2 0.0 1.7 0.1 1.2 0.0 1.3 0.2 
3 0.1 0.6 0.0 0.5 0.1 0.5 0.0 0.3 
Class C 4 ^ 0.4 2.4 1.7 3.2 1.6 3.1 NA NA 
5 ^ 6.7 1.0 4.9 4.3 5.3 4.3 NA NA 
 
In terms of repeatability, CT-based models recorded a smaller degree of variability (± 0.39 mm) 
compared to MR-based bone models (± 0.49 mm) (Table 5.4-7). 
Table 5.4-7. Repeatability test for the respective measurements. 
Type of Measurement Range of SD 
CT MR 
Intraarticular step size 0 - 0.19 0.05 - 0.49 
Intraarticular gap size 0.04 - 0.39 NA 
Intraarticular surface deviation 0.02 - 0.08 0.02 - 0.15 
Rotational malalignments 0.02 - 0.11 0.04 - 0.18 
Translational malalignments 0.04 - 0.08 0.01 - 0.09 
 
5.5  Discussion 
Intra-articular fractures of the pilon are one of the most complex injuries of the lower limb and 
articular reduction is commonly needed to achieve joint congruency. Current postoperative 
assessment of these fractures uses radiographs to determine the quality of reduction. However, 
radiographs have been shown to be inaccurate and erroneous in determining the malalignments of the 
remaining bone fragments 
5
. This study proposed to develop a method for quantifying pilon reduction 
using 3D bone models in order to overcome limitations arising from radiographs. This was done by 
comparing the accuracy of using MR-reconstructed 3D models to the gold standard CT-reconstructed 
3D models from postoperative CT and MR images of the pilon. 
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The advantage of using 3D bone models for quantifying step and gaps were that deviations can be 
observed across the entire fracture line. With the curve deviations, the minimum and maximum step-
offs and gaps can be located relative to the fracture line. Measurements of steps and gaps of a 
particular region can also be carried out, as currently being practised in the clinic using individual CT 
image slices. However, it is to be noted that conducting measurements on specific locations may not 
reflect the overall distance deviations across the entire fracture line. This was reflected in our results, 
where the distances of three paired anatomical points from the point-specific method may not 
necessarily reflect the actual maximum and minimum values detected by the curve deviations. Hence, 
in order to gain a better understanding of the overall step-offs and gaps, curve deviations along 
fracture lines may take precedence over specific points as they contain more information (minimum, 
maximum and average distances) for assessing the quality of surgical reduction. Additionally, the 
DICOM format of the CT data can be uploaded into the 3D software. This will be useful for visually 
assessing and quantifying these malreductions in three orthogonal planes. 
When using the intact contralateral bone to quantify measurements, the Class B fracture MR models 
were found to be comparable to that of CT models as their differences were relatively small (0.2 mm 
(step), 0.18 mm (surface deviation), and 0.56° (rotation) and 0.4 mm (translation). These suggest that 
MR and their corresponding contralateral models may be used as a template for the postoperative 
assessment of Class B pilon fractures because they are sufficiently accurate when compared against 
CT.  
As for Class C fracture MR models, we were unable to make a comparison with their corresponding 
CT models due to the existence of metal artefacts. This may be caused by the distance of the metal 
screws (≤ 3 mm) from the joint line 16 (Figure 5.4-2). Even so, the CT osteotomised models were still 
found to be reasonably accurate when compared against their CT and MR reference contralateral 
models because their differences were no more than 0.15 mm (average surface deviation), 1.63° 
(rotation) and 0.4 mm (translation). These small differences, when taken into consideration, suggest 
that they may be used as a reference standard. In such complex cases, radiation exposure can 
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potentially be minimised by taking MR images of the intact opposite limb, and then comparing them 
with CT images of the reduced fracture site.  
In Specimen 1, rotational differences of up to 3.2° (axial) were found between the contralateral and 
the reference bone model (same side). These differences may be caused by dissimilarities in the 
surface geometry between the left and right bones due to visible signs of osteophyte formation from 
an aged volunteer, unlike another study that used healthy specimens 
26
. Specimen 5, however, 
contained the highest amount of malalignments (rotation: 10.87°: surface deviation: 3.87 mm and 
translation: 6.7 mm). Based on these values, it appears to demonstrate that these measurements reflect 
the quality of the articular reduction (Figure 5.5-1), such that larger measurements will show a poorer 
quality of reduction. However, based on clinical criteria stating that the varus/valgus angle should not 
exceed 5° 
27
, and that the rotational malalignment should not exceed 10° when compared to the intact 
contralateral bone 
28-30
 in order to obtain a acceptable quality of reduction, the rotational 
measurements were well within these tolerance levels, with one borderline case from Specimen 5 
(10.87°). Then again, using 3D models, borderline cases may be identified with increased accuracy, 
especially in complex fractures as they are more challenging to achieve anatomical reduction. In any 
case, since the contralateral bone is routinely used for the postoperative assessment of pilon fractures, 
it is still recommended to consider such differences when quantifying bone reduction, particularly for 
aged patients. 
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Figure 5.5-1. Malreduction of Specimen 5 (in green) relative to the reference (intact, same side) model (in yellow) in the 
(Left) sagittal; and (Right) axial views. 
 
There appears to be a correlation between the maximum surface deviations and the sagittal 
malrotations when comparing the osteotomised versus the intact contralateral model for all the 
specimens. The colour codes in the map (Figure 5.3-6) have indicated that if the region is highlighted 
in red, the deviation between two surfaces are maximum compared to regions in blue, and therefore 
may reflect the extent of malrotations. A similar trend was also found when comparing the step and 
gap sizes versus the maltranslations for the Class C osteotomised specimens. Based on these findings, 
they appear to suggest that the degree of malrotations and maltranslations is reflected in the surface 
deviations, step and gap size measurements. Consequently, to obtain a detailed assessment pertaining 
to the quality of reduction, a minimum of three quantification methods is suggested, which are the 
step and gap sizes, and the surface deviation measurements. However, it is acknowledged that the 
distance measurements may not contain information regarding the degree of malrotations in the three 
anatomical planes. As such, angular measurements may be included to enhance the accuracy of the 
quantitative analysis. A larger sample size can potentially support these observations. 
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Nevertheless, it is easier to visualise the overall quality of bone reduction using 3D models rather than 
on radiographs and individual CT and MR image slices, because the surface deviation maps are able 
to reveal the distance between two surfaces based on the color codes. This method cannot be 
visualised on a two-dimensional radiograph. However, it is to be noted while 3D models provide more 
information for assessing the quality of bone reduction, the process of reconstructing the models is 
time-consuming, especially with the presence of metal artefacts. Therefore, an automated method will 
help expedite this process and can form part of future work. 
Sources of error may come from the segmentation process. While the Canny-edge detection filter 
algorithm was to outline the cortical boundaries of the diaphyseal regions of the bone 
24
, and was 
reported to generate a mean error of ~0.23 mm when comparing CT versus MR-based bone models 
18
, 
manual segmentation was still required to delineate the bony edges in the epiphyseal regions due to 
the existence of metal artefacts. Osteophytes were also found in two specimens. A manual removal of 
these two entities may result in user-generated errors. Additionally, there was a difference in voxel 
sizes when acquiring the CT images before and after surgery, and versus the MR images, which may 
also contribute to inaccuracies. The purpose of acquiring CT reference data of a higher resolution was 
to compare these with the CT protocols routinely used in the clinic for generating postoperative data. 
In spite of these user-generated errors, the mean surface difference between CT and MR was ~0.18 
mm, thus reasonably small and would not have adversely affected the outcome of the study. These 
results were also consistent with those of Lee et al. (2008), who investigated the accuracy between CT 
and MR-based femoral models (0.5 ± 0.3 mm).  
Another source of error may come from manually picking points to create the planes parallel and 
perpendicular to the fracture lines for measuring the intraarticular step and gap sizes. This was 
reflected in the repeatability test showing higher mean errors (0.39 and 0.49 mm respectively) as 
compared to other types of measurements. However, these values were still smaller than the highest 
intra-articular step (± 0.6 mm) and gap (± 0.9 mm) mean errors. Again, this suggests that the 
quantitative method developed may hold sufficient accuracy in analysing the extent of step-offs and 
gaps. 
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One obvious technical limitation when using radiographs is that fracture lines cannot be visualised in 
the axial plane. Even with the coronal and sagittal projections, metal implants may obscure the 
articular surface from being seen, and may be inaccurate in measuring the rotational malalignments if 
the X-rays are overprojected. From the reported results, it is found that there is potential for MR 
models to be used for quantifying the step, gap and malrotations of Class B pilon fractures since the 
metal artefacts did not extend to the articular surface. This is likely because the metal screws were 
more than 3 mm away from the joint 
16
. As these fractures were simple, it was also easier to identify 
the fractures lines, unlike Class C fractures. By taking into account the fracture type and screw 
distance to the joint line, MRI may be a suitable postoperative imaging alternative to CT for pilon 
fractures. Moreover, MRI can help avoid exposing patients to unnecessary ionising radiation. 
It is to be noted there were exclusions of intra-articular step and gap size measurements for several 
bone models. No gaps were found in Class B fracture models. Specimen 1 had a correct anatomical 
articular reduction, therefore step-offs and gaps were not seen (Figure 5.4-1). Additionally, Class C 
fracture MR models were excluded as the metal artefacts extended to the articular surface and cannot 
be fully removed, therefore malalignment of the displaced fragments were left undetected (Figure 
5.4-2). 
This study's limitations include the small number of osteotomised specimens (n = 5). As the study was 
underpowered, statistical analysis was not conducted to determine the statistical significance between 
the CT and MR-based bone models. To validate the initial results, a larger sample size is 
recommended in order to make a definitive conclusion for the general population. Advanced metal 
artefact reduction (MAR) protocols such as multispectral imaging and ultrashort echo-time sequences 
31
 were also not included as it was intended to use clinically available protocols widely used in the 
current medical practices. Nevertheless, it is agreed that such advanced sequences may help to reduce 
metal artefact size in MR images to a larger extent 
14, 15
. It was also noted that a recent study had 
investigated using the Ultra-High Field (UHF) 7 Tesla scanner for providing a higher image quality of 
the ankle 
32
. As such, the potential of increasing the accuracy in reconstructing the bone models with 
7T postoperative images can be examined in the future.  
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5.6  Conclusion 
There is potential for MR models (Class B pilon fracture) to be used for the quantification of pilon 
articular reduction as initial results showed that they are comparable to the gold standard CT models. 
MR models, however, were found to be more suitable for simple fractures, whereas CT models may 
be used for both simple and complex fractures. The complexity of fracture, as well as the screw 
distance  to the joint line, implant material, type and size, needs to be considered for the possibility of 
using MRI for a clear visualisation of the articular surface. Radiation exposure may also potentially be 
minimised by using MR images of the intact contralateral side to be compared against CT of the 
fractured side. For a comprehensive overview of the quality of joint reduction, at least three types of 
measurement methods: Step and gap sizes, as well as surface deviation measurements of 3D models, 
are suggested. This study may be extended in the future to include a larger sample size for further 
validation. 
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Chapter 6 :  
Overall Summary, Future Directions and 
Conclusion 
6.1 Overall Summary 
One of the most common injuries of the lower limb is ankle fractures (distal tibia). Pilon fractures, as 
part of such injuries, are regarded as the most severe and uncommon 
1, 2
. The quality of surgical 
reduction is often implicated with minimising post-surgical complications such as post-traumatic 
arthritis in order to determine the successful recovery of patients. However, current post-operative 
assessments utilising radiographs have been shown to be limited in determining the remaining 
articular incongruities 
3
. Therefore, the overall purpose of the thesis was to develop a method to assess 
the quality of ankle joint reduction using 3D bone models in order to overcome limitations arising 
from radiographs. With 3D models, a more comprehensive assessment can be conducted by 
quantifying the magnitude of articular incongruities relative to the different load bearing regions of 
the bone, as well as step-offs, gaps and rotational malalignments of the remaining fragments. Accurate 
3D models can be reconstructed using CT and MR images 
4
. A major advantage of MR over CT, 
however, is that it generates no ionising radiation which could potentially be used as an imaging 
alternative to avoid exposing patients to unnecessary radiation if CT is used. 
Nonetheless, there is lack of studies reporting the use of post-operative clinical CT and MR scans to 
accurately assess pilon articular reduction, and the use of 3D models requires a comparable reference 
standard to compare to. Additionally, post-operative CT and MR images of the pilon contain metal 
artefacts, hence the impact of these artefacts on the visualisation of the articular surface remains 
unknown. These problems lead to establishing three aims covered in the thesis. Firstly, the thesis 
aimed to determine if a 3D model of the intact contralateral bone can be used as a comparable 
reference standard. Secondly, the thesis aimed to determine the extent of metal artefacts from post-
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operative CT and MR images. Thirdly and finally, the thesis aimed to compare the feasibility of using 
MR-based 3D models compared to CT for quantifying the quality of articular reduction. 
For the first aim, 3D bone models were reconstructed from CT scans of 7 healthy and intact paired 
human tibiae and a quantitative analysis was conducted to determine if the contralateral bone can be 
used as a comparable reference standard. The quantitative analysis consisted of 2D and 3D 
measurements from various anatomical regions of the bone. Following the current clinical practice of 
using a radiograph of the intact contralateral side as a template to compare against the malreduced 
fracture site, 3D surface deviations between the left and right subchondral bone surfaces were of 
particular interest since they were the load bearing regions of the bone. From the results obtained, the 
average articular surface differences between the left and right tibiae were no more than 0.3 mm. In 
view of the overall purpose of the thesis, these small differences suggested that an intact contralateral 
3D bone model may be used as a comparable reference standard for the post-operative assessment of 
pilon fractures. 
For the second aim, the extent that metal artefacts impede the visualisation of the articular surface was 
investigated. This was done by obtaining post-operative CT and MR images of one intact human 
cadaver ankle specimen that was implanted with common surgical screws of different types and 
material. The size of the metal artefacts from screws was given priority over metal artefacts from 
internal fixation plates because the screws were more closely located to the articular surface of the 
pilon as compared to the plates which are attached to the medial or posterior regions of the bone, and 
away from the articular surface. After reconstructing the metal artefact models along with their 
corresponding 3D bone models, results suggested that a clear visualisation of the articular surface can 
be seen if the titanium screws are ~2 to 3 mm away from the joint line for CT and MR post-operative 
images, respectively. However, MR images showed that metal artefacts from steel screws still impede 
the visualisation of the articular surface, therefore proved unsuitable for the post-operative assessment 
of pilon fractures. Since titanium screws produced smaller-sized artefacts compared to steel screws 
for both CT and MR and could provide a clear visualisation of the articular surface, the same implant 
material was used for the third aim of the thesis. 
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For the third aim, a quantitative study was carried out to determine if MR can potentially be used as a 
non-ionising imaging alternative compared to CT for the accurate postoperative assessment of pilon 
fractures. Four pairs of intact human cadaver ankle specimens were acquired, then CT and MR-
scanned to obtain reference data. After that, five of these specimens were osteotomised and reduced 
with titanium fixation plates and screws, and rescanned again to obtain the CT and MR data. Three 
specimens were reduced with an AO 43-B1 (Class B) fracture, and two specimens of AO 43-C1 
(Class C) fracture (as defined in Figure 2.1-2). Intra-articular step and gap sizes, surface deviations, as 
well as rotational and translational malalignments of the malreduced fragments were compared 
between CT and MR-based models. Results from the quantitative comparison revealed that the 
differences between the two were ≤ 0.2 mm (mean step), ≤ 0.43 mm (mean surface deviation), ≤ 0.56° 
(rotation) and ≤ 0.5 mm (translation). These relatively small differences suggested that Class B MR-
based models were of reasonable accuracy compared to the CT-based models. However, metal 
artefacts still extended to the articular surface for Class C MR-based bone models. This implied that 
in complex pilon fracture cases, CT may be a better option for quantifying the quality of articular 
reduction. In the case of striving to minimise radiation exposure for patients, MR images of the intact 
contralateral bone can potentially be used for comparison against CT images of the affected site since 
MR-based contralateral reference models were found to be of comparable accuracy to that of CT. We 
have found that a minimum of three quantitative methods (step size, gap size and surface deviations) 
were needed to help determine the quality of bone reduction. Surface deviations, however, can only 
be quantified using 3D models and not radiographs. A larger sample size can help make a definitive 
conclusion. We have also found relatively small surface differences when comparing osteotomised 
bone models versus the intact contralateral and intact of the same side. Although their differences are 
small, it is recommended that the differences be considered for a more accurate quantitative 
assessment when using the contralateral side as a reference standard,  
A major limitation of this thesis was the small number of specimens used to conduct the quantitative 
analysis for all three aims. Additionally, even though it was reported that 1.5T MR images produced 
metal artefacts of a smaller size compared to the 3T, only 3T MR images were considered for the third 
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study as 3T provided a better bone-soft tissue image contrast versus 1.5T 
5
. Since the bone-soft tissue 
contrast can affect the accuracy of the segmentation process in order to produce accurate 3D bone 
models, it was expected that 3T would produce models of a higher accuracy compared to 1.5T. The 
use of cannulated titanium screws were also not considered because they cannot be used in 
combination with the locking fixation plates, unlike full-bodied titanium screws. However, the 
possibility of reducing metal artefacts with the use of cannulated titanium screws in post-operative 
MR images can be explored in the future. Moreover, in the third study, the post-processing algorithm 
O-MAR was not considered in the CT scans as it produced distortions in the CT images. The cause of 
the degradation of image quality was not determined and beyond the scope of the thesis, though this 
can also form part of future work. Nonetheless, the size of the metal artefact produced from the 
screws were found to be at a radius of ~2 mm. This suggests that the osteotomised CT-based bone 
models can still be reconstructed with reasonable accuracy as long as the screws are no less than 2 
mm away from the joint surface, as similarly reported in the second study. 
Additionally, when scanning the cadaver specimens, the MR images were void of movement related 
artefacts that could be caused by respiratory breathing and muscular motion due to the nature of the 
patient. Therefore, movement related artefacts, if any, were negligible for the purpose of the thesis. 
Subsequently, the authors were unable to quantify the impact of patient movement. While this cannot 
be completely eliminated in clinical scans of living patients, other studies have suggested using 
multiple averages and coils in the MR protocols to improve the quality of the images 
6, 7
. These 
suggestions have already been incorporated in the MR protocols of this thesis.  
In spite of the quantitative limitations proposed in this work, a detailed investigation outlining the 
advantage of using 3D models for the accurate quantification of post-operative pilon fracture 
reduction compared to radiographs has been thoroughly examined. 
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6.2 Future Directions 
6.2.1 Development of automated mathematical algorithms 
As the work discussed in the thesis is contributing to the development of a measurement tool utilising 
3D models for the accurate quantification of ankle joint reduction, one area that has the potential to be 
further developed to increase the tool's efficiency is the incorporation of automated mathematical 
algorithms that include the use of Euler angles to measure the malrotations and maltranslations of the 
bone fragments 
8
. While this cannot be done in Rapidform 2006 due to its functional limitations, and 
therefore beyond the scope of the work, it is noted that Matlab (Mathworks, USA), a numerical 
computational software, may be used for the development of the algorithm. 
The creation an automated script in Matlab, for the malalignments of the displaced bone fragments, 
will then enable clinicians to utilize this program in the clinic for quantifying articular malreduction of 
bone fractures quickly and easily in the clinical setting, which can then be use to determine if a good 
patient outcome has been achieved (Further explanation in Section 6.2.3). For this, postoperative 
complications like posttraumatic arthritis shown in medical images of the ankle can be cross-checked 
with the degree of malreduction (as quantified in the automated script). Several studies have 
confirmed the possibility of automating the calculation of rotational angles and translational 
displacements in orthodontic 
9
 and orthopaedic 
10-12
 applications. Therefore, quantitative methods 
established in this thesis can be extended from here on. 
Other mathematical programs such as Scanalyze ICP 
13
, an open sourced software (Stanford 
University, USA), may also be used and expanded to create automatic alignment and registrations 
between two surfaces, after which may be incorporated into the clinical tool so that the time required 
to conduct the quantitative comparisons may be reduced.  
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6.2.2 Use of 7T images 
Another area that offers great potential and may help enhance the accuracy in the reconstruction of 
bone models is the use of the ultra-high field (UHF) 7 Tesla (7T) scanner, which has been shown to 
provide a higher bone-soft tissue contrast of the distal tibia based on the higher Signal-to-Noise Ratio 
(SNR) and Contrast-to-Noise Ratio (CNR) as compared to the 3T 
14, 15
. These two variables are often 
used to provide comparison characteristics of MR images 
5
. The SNR evaluates the extent of contrast 
intensification 
16
, while the CNR quantifies the contrast differences between two tissue interfaces 
17
.  
As The University of Queensland has newly purchased a 7T scanner in 2014, a preliminary 
investigation was carried out with one cadaver ankle specimen that was used in the third study (refer 
to Chapter 5). Firstly, reference 7T MR data of the intact specimen was acquired. After that, the 
specimen was osteotomised, reduced with titanium implants, and rescanned to obtain the 
osteotomised bone data. The 7T MR sequences used for both scans were the same as the clinical 3T 
MR sequences reported in the second and third study. Titanium implants were reported to be safe 
when scanned using the 7T according to previous research 
18
. 
Preliminary results revealed that upon visual inspection of the ankle, anatomical regions such as the 
articular surfaces of the medial malleolus and tibial plafond (numbered 1 and 2 in Figure 6.2-1), 
showed better soft-tissue contrast compared to the 3T images. These results were in agreement with 
Juras et al. (2012), who reported a significant increase in the CNR and SNR of 7T versus 3T for intact 
ankle imaging. 
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Figure 6.2-1. (Right) CT, (Middle) 3T MR, and (Left) 7T MR coronal images of the ankle. Numbers 1 and 2 represent the 
medial malleolus and distal articular surfaces of the ankle, where the bone-soft tissue contrast was higher in 7T compared to 
3T MR. For clarity purposes the numbers are coloured using black and yellow, respectively. 
 
While it is apparent that the 7T can provide images of a higher quality than the 3T, its applicability for 
the postoperative assessment of ankle fractures remain unknown as there are limited studies exploring 
this avenue. The MR images from the osteotomised data showed that the intraarticular step-offs were 
more clearly seen on the 7T than the 3T due to a higher bone-soft tissue contrast (Figure 6.2-2). This 
may then facilitate and increase the accuracy of the segmentation process during the reconstruction of 
the MR-based 3D models, which may consequently result in a better detection of bony displacements 
as compared to the 3T. This possibility can be further explored in the future.  
Several authors have reported that since the strength of the magnetic field has increased to more than 
twice, their resonant frequencies would also have more than doubled, resulting in a wider chemical 
shift and larger susceptibility artefacts 
14, 19
. This was also evidently seen in the obtained 7T MR 
images (Figure 6.2-3). However, a clear visualisation of the articular surfaces can still be seen, though 
this is subject to how far the titanium screws are away from the joint line. 
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Figure 6.2-2. Step-offs were seen more clearly on the 7T compared to 3T MR (red circle) image due to the improved bone-
soft tissue contrast. This suggests that it may be easier to identify the bone and soft tissue boundary during the segmentation 
process for the reconstruction of MR-based 3D models using the 7T MR images. 
 
 
 
Figure 6.2-3. Sagittal view of metal artefacts from titanium screws. They are ~5 mm larger in 7T than in 3T MR. 
 
                 CT                                         3T MR                                      7T MR 
                        3T MR                                         7T MR 
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From these initial results, one important question was brought to light: Even though 7T MR can 
provide higher quality post-operative images, and can therefore potentially be used to reconstruct 
more accurate 3D models compared to the 3T, will this be helpful in quantifying the quality of ankle 
joint reduction at the expense of larger sized metal artefacts? Adjusting MR sequences such as 
bandwidth and pulse properties 
14
, incorporating advanced protocols such as Ultrashort Echo Time 
(UTE) 
15
, and selecting appropriate receiver coils 
20, 21
, could hold the key to reducing the amount of 
metal artefacts. Consequently, the investigation pertaining to the use of 3D models reconstructed from 
7T postoperative ankle images can be further expanded in the future. 
6.2.3 Development of clinical framework 
From the quantitative methods established, one questions how these will be helpful in managing pilon 
fractures post-operatively? Given that the clinical measurement tool has potential to be automated in 
the future, we predict that this tool may be used by clinicians as part of a long-term follow up with 
patients via MR imaging as a single imaging modality in order to establish a clinical framework for 
determining the maximum allowable threshold levels of the remaining articular incongruities on the 
development of cartilage degeneration.  
The forthcoming and eventual step after this will be to use this framework to help surgeons consider if 
an accurate surgical reduction is required to avoid post-surgical complications, while at the same time 
aid in a good clinical outcome. However, it is to be noted that based on the pilot results we have 
obtained, this may only be possible if the distal tibia articular surface can be visualised without the 
obstruction of metal artefacts. This meant that if surgeons place titanium implants less than 2 mm 
away from the distal tibia articular surface, the quantitative method proposed in this thesis needs to be 
further refined. This may be done by considering the use of post-processing MAR algorithms (as 
discussed in Chapter 4) and 7T-based MR bone models (as discussed in Section 6.2.2). It is to be 
reiterated that the quantitative method in this thesis is in its preliminary stages, and further 
development of these methods can help to increase the accuracy of the resulting clinical framework. 
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6.2.4 Potential use of quantitative methods in other study fields 
In Chapter 3's Assessment of bilateral asymmetries of the tibia, the authors have suggested the 
possibility of using the established quantitative methods in fracture healing, anthropological and 
forensic studies. 
Anthropological and forensic studies 
In one study investigating the biological profile (stature, sex, age and ancestry) of unknown 
individuals, it was imperative for the researchers to incise and free the superior and inferior ends of 
the long bones of the cadaver specimens so that their maximum lengths can be measured for 
estimating statures 
22
. Reference planes relative to the autopsy table were also necessary to measure 
these dimensions in a consistent manner in order to reduce the chances of measurement errors. With 
the use of 3D bone models reconstructed from CT and MR images of cadaver specimens, not only can 
the previously-mentioned surgical process be avoided, accurate and standardised bone measurements 
may also be conducted. Additionally, the quantitative methods focussing on the tibia developed in this 
thesis may also be potentially transferrable, expanded and modified for measurements of other bones 
such as the femur, humerus, cranium and ribs 
22-24
. 
Another potential use of 3D bone models by forensic anthropologists is the compilation of bone 
measurements of human skeletons for the creation of  a database relative to a specific population. 
Such measurements may be beneficial for developing accurate regression equations which may 
increase the reliability of predicting the stature and age of individuals at the time of death 
25, 26
. 
Fracture healing 
Studies involving the rate of fracture healing often require the intact and healthy contralateral bone to 
be compared against the affected opposite side 
27-29
. A viable extension to these studies is the use of 
3D models, as shown in this thesis. A quantitative comparison, and a 3D visual inspection between 
the left and right bone surfaces can be done and can potentially be used to develop a clinical 
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assessment for fracture healing, which then helps to improve patient management and treatment in the 
long run. 
6.2.5 Potential use of other softwares for quantitative analysis 
The authors are aware that the quantitative method used in this thesis is extensively carried out in 
Rapidform 2006. There are newer versions of this software, and one example is Geomagic 
30
 (3D 
Systems, USA). Geomagic has similar capabilities to Rapidform 2006 for conducting global and fine 
registrations, as well as comparing distances and geometrical deviations between two surfaces. 
Additionally, recent reverse engineering softwares can also perform similar functions such as Slim 3D 
31
 (3Shape, Germany) and FARO Scene 
32
 (FARO, USA). Since there are other viable options 
available in the market capable of conducting similar functions to that of Rapidform 2006, the 
quantitative method that the authors have developed may be used again with other softwares in the 
future. 
6.3 Conclusion 
The thesis reports on the possibility of using 3T MR-based 3D bone models for the post-operative 
assessment of pilon fractures depending on the complexity of fracture, as well as the type, size, 
material and location of metal screws (no less than 3 mm) relative to the joint surface. CT-based 3D 
bone models, on the other hand, were found to be suitable for the quantitative assessment of both 
simple and complex pilon fracture reduction as long as the titanium screws are no less than 2 mm 
away from the joint surface. It is suggested that a minimum of 3 quantitative methods consisting of 
the step, gap sizes and surface deviations be used to accurately assess the quality of bone reduction. 
Consequently, the thesis concludes that MR may be used to develop a clinical measurement tool for 
determining the relationship between the remaining articular incongruities and their implication on the 
surrounding soft tissue structures on a case-to-case basis in the long term. 
 
121 
 
6.4 References 
1. Lesic A and Bumbasirevic M. Ankle fractures. Current Orthopaedics 2004; 18(3):232-44. 
2. Small K. Ankle sprains and fractures in adults. Orthopaedic Nursing 2009; 28(6):314-20. 
3. Pollak AN, McCarthy ML, Bess RS, Agel J and Swiontkowski MF. Outcomes after treatment 
of high-energy tibial plafond fractures. The Journal of Bone & Joint Surgery 2003; 85(10):1893-900. 
4. Rathnayaka K, Momot KI, Noser H, Volp A, Schuetz MA, Sahama T, et al. Quantification of 
the accuracy of MRI generated 3D models of long bones compared to CT generated 3D models. 
Medical engineering & physics 2012; 34(3):357-63. 
5. Rathnayaka K, Momot KI, Coulthard A, Volp A, Sahama T, Schütz MA, et al. Anatomical 
MR imaging of long bones: Comparative performance of MRI at 1.5 T and 3 T. Biomedical 
Spectroscopy and Imaging 2013; 2(1):21-35. 
6. Yang RK, Roth CG, Ward RJ, deJesus JO and Mitchell DG. Optimizing Abdominal MR 
Imaging: Approaches to Common Problems 1. Radiographics 2010; 30(1):185-99. 
7. Stadler A, Schima W, Ba-Ssalamah A, Kettenbach J and Eisenhuber E. Artifacts in body MR 
imaging: their appearance and how to eliminate them. European radiology 2007; 17(5):1242-55. 
8. Puloski S, Romano C, Buckley R and Powell J. Rotational malalignment of the tibia 
following reamed intramedullary nail fixation. Journal of orthopaedic trauma 2004; 18(7):397-402. 
9. Hayashi K, Araki Y, Uechi J, Ohno H and Mizoguchi I. A novel method for the three-
dimensional (3-D) analysis of orthodontic tooth movement—calculation of rotation about and 
translation along the finite helical axis. Journal of biomechanics 2002; 35(1):45-51. 
10. Grood ES and Suntay WJ. A joint coordinate system for the clinical description of three-
dimensional motions: application to the knee. Journal of biomechanical engineering 1983; 
105(2):136-44. 
11. Koo T, Chao E and Mak A. Development and validation of a new approach for computer-
aided long bone fracture reduction using unilateral external fixator. Journal of biomechanics 2006; 
39(11):2104-12. 
12. Ochia RS, Inoue N, Renner SM, Lorenz EP, Lim T-H, Andersson GB, et al. Three-
dimensional in vivo measurement of lumbar spine segmental motion. Spine 2006; 31(18):2073-8. 
13. Standford-University. Scanalyze: a system for aligning and merging range data. 2010; 
http://graphics.stanford.edu/software/scanalyze/. 
14. Juras V, Welsch G, Bär P, Kronnerwetter C, Fujita H and Trattnig S. Comparison of 3T and 
7T MRI clinical sequences for ankle imaging. European journal of radiology 2012; 81(8):1846-50. 
15. Krug R, Larson PEZ, Wang C, Burghardt AJ, Kelley DA, Link TM, et al. Ultrashort echo 
time MRI of cortical bone at 7 tesla field strength: a feasibility study. Journal of Magnetic Resonance 
Imaging 2011; 34(3):691-5. 
16. Dietrich O, Raya JG, Reeder SB, Reiser MF and Schoenberg SO. Measurement of 
signal‐to‐noise ratios in MR images: Influence of multichannel coils, parallel imaging, and 
reconstruction filters. Journal of Magnetic Resonance Imaging 2007; 26(2):375-85. 
17. Chang G, Friedrich KM, Wang L, Vieira RL, Schweitzer ME, Recht MP, et al. MRI of the 
wrist at 7 tesla using an eight‐channel array coil combined with parallel imaging: Preliminary results. 
Journal of Magnetic Resonance Imaging 2010; 31(3):740-6. 
18. Dula AN, Virostko J and Shellock FG. Assessment of MRI issues at 7 T for 28 implants and 
other objects. American Journal of Roentgenology 2014; 202(2):401-5. 
19. Gold GE. Clinical Protocol Challenges in MSK High Field (3T and 7T). 2011; ISMRM.  
20. Chang G, Wiggins GC, Xia D, Lattanzi R, Madelin G, Raya JG, et al. Comparison of a 
28‐channel receive array coil and quadrature volume coil for morphologic imaging and T2 mapping 
of knee cartilage at 7T. Journal of Magnetic Resonance Imaging 2012; 35(2):441-8. 
21. Roemer PB, Edelstein WA, Hayes CE, Souza SP and Mueller OM. The NMR phased array. 
Magnetic Resonance in Medicine 1990; 16(2):192-225. 
22. Menéndez Garmendia A, Gómez‐Valdés JA, Hernández F, Wesp JK and Sánchez‐Mejorada 
G. Long bone (humerus, femur, tibia) measuring procedure in cadavers. Journal of forensic sciences 
2014; 59(5):1325-9. 
122 
 
23. Garvin HM, Passalacqua NV, Uhl NM, Gipson DR, Overbury RS and Cabo LL. 
Developments in Forensic  Anthropology: Age-at-Death Estimation. In: Dirkmaat DC, editors. A 
Companion to Forensic Anthropology. Blackwell Publishing Ltd; 2012,  
24. Işcan MY, Loth SR and Wright RK. Metamorphosis at the sternal rib end: a new method to 
estimate age at death in white males. American Journal of Physical Anthropology 1984; 65(2):147-56. 
25. Konigsberg LW, Herrmann NP, Wescott DJ and Kimmerle EH. Estimation and Evidence in 
Forensic Anthropology: Age‐at‐Death. Journal of forensic sciences 2008; 53(3):541-57. 
26. Petrovečki V, Mayer D, Šlaus M, Strinović D and Škavić J. Prediction of Stature Based on 
Radiographic Measurements of Cadaver Long Bones: A Study of the Croatian Population*. Journal of 
forensic sciences 2007; 52(3):547-52. 
27. Hollinger JO, Onikepe AO, MacKrell J, Einhorn T, Bradica G, Lynch S, et al. Accelerated 
fracture healing in the geriatric, osteoporotic rat with recombinant human platelet‐derived growth 
factor‐bb and an injectable beta‐tricalcium phosphate/collagen matrix. Journal of Orthopaedic 
Research 2008; 26(1):83-90. 
28. Street J, Bao M, Bunting S, Peale FV, Ferrara N, Steinmetz H, et al. Vascular endothelial 
growth factor stimulates bone repair by promoting angiogenesis and bone turnover. Proceedings of 
the National Academy of Sciences 2002; 99(15):9656-61. 
29. WOJCIECHOWSKI A and GÓRECKI A. THE DEVELOPMENT OF METHODS FOR 
QUANTITATIVE CLINICAL ASSESSMENT OF THE FRACTURE HEALING.  
30. Geomagic. 2015; http://www.geomagic.com/en/. 
31. 3Shape. SLIM 3D. 2015; http://www.3d-shape.com/produkte/slim_e.php. 
32. FARO. FARO Scene. 2012; http://faroukraine.com/wp-
content/uploads/2013/10/FS_SCENE_TS_EN.pdf. 
 
  
123 
 
 Supplementary Materials for Chapter 3 
The materials below were written to supplement Chapter 3. They consist of a step-by-step 
quantification analysis of the left and right tibia. 
 
S1. Quantification Analysis: A Step-by-Step Guide 
Part 1 - Reconstruction of 3D models 
 1.1 In Amira 5.4 (VSG, France), save the CT data from the CD in the .am (DICOM) file  
  extension. 
 1.2 Create two labels from the same file and conduct the segmentation process on the left bone 
  for the first label, followed by the right bone for the second label, then reconstruct them into 
  two 3D bone models as per Rathnayaka (2011). More details on the segmentation and  
  reconstruction process are shown below: 
   1.2.1 In Amira, convert the label file into TIFF images. 
   1.2.2 Run the Matlab script (Mathworks, USA) developed by Rathnayaka (2011) using 
    the TIFF images to delineate the outer bone contour of each image using  
    the Canny edge detection filter. Manually remove the branches of the outer and 
    inner contour images (Figure S1-1). 
     1.2.3 Back in Amira, correspond the individual CT image slices in the proximal, shaft 
    and distal regions of the tibia to the respective TIFF images by choosing the  
    same slice numbers (Figure S1-1). 
 
   
Figure S1-1. (Left) Original CT image slice in the axial direction of the tibia, in DICOM format. (Middle) Using the Canny 
filter to delineate the outer bone counters of the corresponding TIFF image. (Right) Removing the branches of the inner and 
outer bony contours, and matching the coordinates of the remaining outer bone contour to the pixel values in the DICOM 
image to obtain the threshold values. 
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   1.2.4 Run another Matlab script, again developed by Rathnakaya (2011), to determine 
    the threshold values of the outer bone contour. This script automatically  
    records the coordinates of the outer bone edges detected by the Canny filter  
    and matches these coordinates to the corresponding pixel values of each CT  
    image slice.  The final threshold values for each CT slice (also representing the 
    proximal, shaft and distal regions of the bone) were calculated by   
    taking the average of all the pixel values (Figure S1-1). 
   1.2.5 Then in Amira, use the threshold values corresponding to the   
    respective  anatomical regions to segment the outer cortex of the whole  
    bone, after which a  surface generation function is used to reconstruct the outer 
    cortex bone surface into its 3D model (Figure S1-2). 
 
    
Figure S1-2. (Left) Application of threshold values (in pink) into each DICOM image. (Middle) Conducting the 
segmentation process (outlined in purple) for the outer bone cortex. (Right) Reconstruction of 3D model. 
 
 1.3 Repeat Steps 1.1 and 1.2 for all the CT data to generate the CT- based bone models, then save 
  them as a .stl (STereoLithography) file. 
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Part 2 - Quantification of 3D bone models 
(A) Reference Coordinate System Setup 
 2.1 Create a new working file in Rapidform 2006 with a .mdl extension by importing the .stl file 
  of one pair of bone models, then hide the right bone model to work on the left bone model 
  first. 
 2.2 Create three points (Points 1, 2 and 3) on the posterior part of the tibia, two of which are  
  located near the medial and lateral condyles, and one near the lateral epicondyle. With these 
  three points, a plane (Plane 1) was reconstructed connecting all the points (Figure S1-3). 
 
Figure S1-3. (Top) Coronal and (Bottom) Sagittal view of Points 1, 2 and 3 and Plane 1. 
 
 2.3 Create a vector (Vector 1) 90 degrees to Plane 1, then create 20 curves around the  
  circumference of the tibia using a locally defined coordinate system (Figure S1-3) and use 
  them to create a tibial axis, which was best fit to the centre of these curves. Project the tibial 
  axis onto Plane 1 to create Vector 2. Vector 2 is parallel to and in supine position as  
  represented by Plane 1. With Vector 2, two planes (Planes 2 and 3) were fitted normal to the 
  superior and inferior ends of the tibia. Rotate Plane 2 90 degrees using Vector 1 to get Plane 4 
  (Figure S1-4). 
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Figure S1-4. (Top) Creating Vector 1, 20 circumferential curves, tibial axis, and Planes 2 and 3. Bone model is in sagittal 
view. (Middle) Rotating Plane 2 90 degrees to obtain Plane 4. Other reference geometries were kept hidden. Bone model is 
in coronal view. (Bottom) Additional view of Vector 2. 
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 2.4 Use Plane 4 to create 4 other parallel planes (Planes 5, 6, 7 and 8) along the ML directions of 
  the proximal and distal tibia to measure their epiphyseal widths (W1 and W2). Create a copy 
  of the bone model and cut the copied tibia into three anatomical regions (proximal, shaft and 
  distal) by creating two offset planes (Planes 9 and 10) from Planes 2 and 3 using W1 and W2. 
  Fit a cone (Cone 1) by selecting the shaft region. Use Cone 1 to create the anatomical axis 
  which best-fits its centroid. The anatomical regions were separated based on the definitions 
  from the AO Foundation, hereby the boundary of the proximal and distal region is a square of 
  the widest width in the  ML direction, and the shaft region is the remaining area that excludes 
  the proximal and distal  regions. The anatomical axis is also a vector in the superior-inferior 
  (SI) direction of the bone model. Now that the anatomical axis is established, all subsequent 
  measurements should be done relative to the anatomical axis (Figure S1-5). 
 
Figure S1-5. (Top) Measuring the epiphyseal widths W1 and W2 according to definitions from the AO Foundation. 
(Middle) Creating Planes 9 and 10 to cut the bone model into the proximal, shaft and distal regions. (Bottom) Creating 
Cone 1 by selecting the shaft region (in red), and using Cone 1 to create the anatomical axis inside the shaft. Bone model is 
shown in  translucent and sagittal view. The rest of the reference geometries were kept hidden.  
 
 2.5 Create a point (Point 4) approximately middle of the anatomical axis, then project this point 
  normal to Plane 1 to create Point 5. After that, create a sagittal plane using Point 5 and the 
   anatomical axis. A coronal plane is also created by rotating the sagittal plane 90 degrees. This 
  establishes the sagittal and coronal planes with respect to the anatomical axis of the bone  
  model (Figure S1-6). 
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Figure S1-6. (Top) Creating the sagittal plane using Point 5 and the anatomical axis. (Bottom) Creating the coronal plane at 
90 degrees to the sagittal plane. 
 
 2.6 Create the ML and AP vectors relative to the anatomical axis by firstly, using the original 
  bone model (uncut) to fit two normal planes (Planes 11 and 12) at its superior and inferior 
  ends, and record the distance between these two planes as the anatomical length. Secondly, 
  divide this value into two and use the new value to create an offset plane at 50% bone length 
  (mid diaphysis (MD)). This plane is also known as the axial plane. Thirdly, fit two vectors 
  intersecting the sagittal  and axial plane, then the coronal with the axial plane, which creates 
  the AP and ML vectors,  respectively (Figure S1-7). All  subsequent measurements will  
  utilise the anatomical axis, axial, sagittal and coronal planes, as well as the AP and ML  
  vectors and this forms the reference coordinate system. 
 
Figure S1-7. (Left) Establishing the axial plane. (Right) Creating the ML and AP vectors from the coronal, sagittal and 
axial planes. 
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 2.7 Repeat Steps 2.1 to 2.7 for the right bone model to establish its own reference  coordinate 
   system. 
 
(B) Distance, perimeter, area and angle measurements 
 2.8 Create two offset planes (Planes 13 and 14) at 20% and 80% anatomical length using Plane 
 11. These planes demarcate the proximal diaphysis (PD), and distal diaphysis (DD) regions of 
the tibia, respectively. Measure and record the perimeters and areas of the PD, MD and DD 
using these three planes with the 'Cross Section' function (Figure S1-8). 
 
Figure S1-8. (Left) The red dotted lines represent the position where the perimeter and area measurements are taken. 
(Right) Cross-sectional view of the PD. 
 
 2.9 Create another three offset planes (Planes 15, 16 and 17) 0.5 mm away from Planes 13, 14 
  and the axial plane respectively, and cut the tibia with the help of these planes into three  
  minor regions of the PD, MD and DD. Use the ML and AP vectors to create 4 planes (Planes 
  18, 19, 20 and 21). Measure the distance between Planes 18 and 19 to obtain the PD diameter 
  in the ML direction, and Planes 20 and 21 to obtain the PD diameter in the AP direction  
  (Figure S1-9). Repeat the same procedure to measure the MD and DD diameters in the ML 
   and AP directions, respectively. 
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Figure S1-9. (Left) Positions of Plane 15, 16 and 17 at 0.5 mm away from Planes 13, axial plane, and Plane 14. (Right) 
Cross-sectional view of PD measurements in the ML and AP directions. 
 
 2.10 Again, using the ML and AP vectors, create 4 planes (Planes 22, 23, 24 and 25) at the  
  proximal epiphysis (PE) region of the tibia. Measure the distance between Planes 22 and 23 
  to obtain the PE width in the ML direction, then Planes 24 and 25 to obtain the PE width in 
  the AP direction. Repeat this procedure at the distal epiphysis (DE) region to get Planes 26, 
  27, 28 and 29 and obtain the respective distance measurements in the ML and AP directions 
  (Figure S1-10). 
 
Figure S1-10. PE and DE width and breadth measurements. 
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 2.11 With the aid of the 'Curvature Plot' function, create two interpolated curves (Curves 1 and 2) 
to demarcate and cut the medial and lateral plateau (MP and LP) region. Use the ML and AP 
vectors to create 3 planes (30, 31, and 32) at the LP region, and the anatomical axis to mark 
a point (Point 6) at the peak of the intercondylar eminence. Use Point 6 to create a another 
plane (Plane 33) parallel to the sagittal plane, then measure the distance between Planes 32 
and 33 to obtain the LP width in the ML direction, and Planes 30 and 31 to obtain the LP 
breadth in the AP direction. The same procedure was repeated for the MP region to get Point 
7 and Planes 34, 35, 36 and 37 to measure the respective MP width and breadth (Figure S1-
11). 
 
 
Figure S1-11. (Top Left) Using the 'Curve Plot' function in Rapidform 2006 to demarcate the MP and LP surfaces (black 
dotted line). Curves 1 and 2 were used to cut the MP and LP surfaces. (Top Right) Positions of planes to measure MP and 
LP widths and breadths. (Bottom) Measuring the MP and LP widths and breadths. 
 
 2.12 With the aid of the 'Curve Plot' function again, create an interpolated curve (Curve 3) to  
  demarcate the boundary/edges of the distal subchondral (DS) surface. Curve 3 is used to cut 
  out the DS surface. Use the ML and AP vectors to create 4 planes (Planes 38, 39, 40, 41), 
  after which the distance between Planes 38 and 39 is measured for the DS surface width, 
  and Planes 40 and 41 for the DS surface breadth (Figure S1-12). 
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Figure S1-12. (Left) Cutting the DS surface with Curve 3. (Middle) Positions of Planes 38 to 41. (Right) Measuring the DS 
surface width and breadth. 
 
 2.13 Use the LP width measurement and divide this value into 2, then create and offset plane 
  (Plane 42) in the middle and parallel to the sagittal plane. Repeat the same with the MP  
  width measurement to get Plane 43.  Then, with the help of the 'Curve Plot' function', create 
  two interpolated curves (Curves 4 and 5) at the boundary of the LP and MP articular  
  surfaces, and use these curves to cut and separate their articular surfaces from the bone  
  model. Use Planes 42 and 43 to fit a another two curves  (Curves 6 and 7) in the middle of 
  the MP and LP articular surfaces. Fit two vectors (Vectors 3 and 4) to Curves 6 and 7. These 
  two vectors are now used to measure against the axial plane to obtain the MP and LP slope 
  measurements (Figure S1-13). 
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Figure S1-13. Positions of planes, curves and vectors to measure the MP and LP slopes. 
 
 2.14 Select the MP and LP articular surfaces and fit a plane (Plane 44) to this region. Create a 
  vector (Vector 5) that intersects Plane 44 and the coronal plane and measure this vector  
  against the anatomical axis to obtain the proximal slope measurement (Figure S1-14). 
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Figure S1-14. (Left) Creating Vector 5 intersecting the Coronal plane and Plane 44. (Right) Measuring the proximal slope 
with respect to the anatomical axis. 
 
 2.15 With the cut DS surface from Step 2.12, best-fit a plane (Plane 45) at the joint line  
  (excluding articular surface of the medial malleolus). Create a vector (Vector 6) that  
  intersects Plane 45 and the coronal plane, then measure this vector against the anatomical 
  axis to obtain the distal joint (DJ) slope measurement (Figure S1-15). 
 
Figure S1-15. (Left) Creating Vector 6 intersecting the Coronal plane and Plane 45. (Right) Measuring the Distal Joint (DJ) 
slope with respect to the anatomical axis. 
 
 2.16 Repeat Steps 2.8 to 2.16 for the right bone model to obtain the distance, perimeter, area and 
  angle measurements for the respective regions. 
 
 
135 
 
(C) Surface geometry measurements 
 2.17 Import the left and right bone model along with their reference coordinate system, planes, 
  vectors and curves into a new working .mdl file in Rapidform 2006, and attach them to their 
  respective bone models to aid in the quantification of bilateral surface geometry  
  measurements. The plane, vector and curve numbers used will be specified in the  
  subsequent steps. 
 2.18 Flip the right bone model and align it in the same direction as the left bone model. Then, 
  conduct an initial and fine registration of the left and right bone model to converge the  
  distances between the two models to a minimum. Use the 'Shell-shell' deviation to record the 
  mean surface deviations of the whole bone (Figure S1-16). 
 
Figure S1-16. (Left) Aligning left and right bone models in the same direction. (Middle) Conducting the initial and fine 
registration. (Right) Conducting the Shell-shell deviation. The coloured graph displays the minimum (in blue) to the 
maximum (in red) surface deviations between the left and the right bone surfaces. 
 
 2.19 Use Planes 13 and 14 from Step 2.8 to cut the left bone model into the PD, MD and DD  
  regions, and do the same for the right bone model. Use the 'Shell-shell' deviation function to 
  record the mean surface deviations of the MD (shaft), then conduct a fine registration for the 
  PD and DD regions and run the 'Shell-shell' deviation again to record the mean surface  
  deviations of the PD and DD regions (Figure S1-17).  
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Figure S1-17. (Left) Cutting the bone model into its PD, MD and DD regions.  (Right) Conducting Shell-shell deviation for 
the respective anatomical regions. The coloured graphs display the minimum (in blue) to the maximum (in red) surface 
deviations between the left and the right bone surfaces, and of the respective anatomical regions. 
 
 2.20 Cut and separate the PE and DE region from the left and right bone model, as shown in red 
  (Figure S1-18). Conduct a fine registration process with the respective PE and DE regions to 
  optimally align the MPS, LPS and DS surfaces. Cut out the three subchondral surfaces with 
  using the same curves (Curves 3, 4 and 5) as outlined in Step 2.12 and 2.13, then measure 
  the mean surface deviations of the MPS, LPS and DS surfaces between the left and right 
  model (Figure S1-18). 
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Figure S1-18. (Left) Cutting (red line) the left and right bone model to its PE and DE regions. (Top Right) Cutting the PE 
and DE regions into its subchondral surfaces using Curves 3, 4 and 5. (Bottom Right) Conducting Shell-shell deviation for 
the PE and DE regions. The coloured graphs display the minimum (in blue) to the maximum (in red) surface deviations 
between the left and the right bone surfaces, and of the respective anatomical regions. 
 
 2.21 Use the 'Go/No-go' function to calculate the surface distribution between the a pair of bone 
  models to find out the percentage in which one bone is larger than the other (Figure S1-19). 
 
Figure S1-19. Conducting the 'Go/No-go' function to determine whether the left or right bone model is larger than the 
other.The graph shows the percentage in which the one bone surface is larger/smaller (blue/red) than the other. 
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 2.22 Repeat Steps 2.17 to 2.21 to obtain the surface geometry measurements for all the paired 
  CT-based bone models. 
 
(D) Volume measurements 
 2.23 Measure the volume of the one bone model by clicking on the 'Information - Shell' function 
  to record down the numbers displayed (Figure S1-20). 
 
Figure S1-20. Measuring and recording the volume of the bone model (red dotted box). 
 
 2.24 Repeat this process for all bone models to obtain all their respective volumes. 
 2.25 Repeat Sections (A) to (D) three times to conduct the repeatability tests. 
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 Supplementary Materials for Chapter 4 
The materials below were written to supplement Chapter 4. They consist of the surgical procedure and 
a step-by-step quantification analysis (metal artefacts). 
 
S2. (A) Surgical Procedure 
One female ankle specimen was acquired and a surgical procedure was performed to insert the metal 
screws, as outlined below: 
 a. Performing an anterolateral incision to expose the tibial plafond (Figure S2-1). 
 
Figure S2-1. Surgical incision of the specimen. 
 
 b. Drilling three holes (Ø = 2.8 mm) proximal to and along the distal tibial   
  articular surface at three different distances with the help of K-wires (Figure S2-2). 
 
 
Figure S2-2. Using a surgical drill to create three holes along the epiphyseal region of the tibia. 
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 c. Inserting three screws into the holes with a screw driver (Figure S2-3). 
  
Figure S2-3. (Left) Using the screw driver to insert the screws. (Right) Completed surgery. 
  
 d. Checking  the position of the screws relative to the articular surface using the C- 
  arm fluoroscope (Figure S2-4). 
 
Figure S2-4. An X-ray image of the specimen after the insertion of screws. 
 
 e. Closing the skin flap was closed with a nylon thread (Figure S2-5). 
 
Figure S2-5. Securing the incised skin with a nylon thread. 
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S2. (B) Quantification Analysis: A Step-by-Step Guide 
Part 1 - Reconstruction of 3D models 
 1.1 In Amira 5.4 (VSG, France), save the CT data from the CD in the .am (DICOM) file  
  extension. 
 1.2 Create a label with the same file and conduct the segmentation process on the bony area of the 
  CT image stack and reconstruct it into a 3D bone model as per Rathnayaka (2011). Repeat 
  this procedure on the metal artefacts to create the corresponding 3D artefact model. Details of 
  the segmentation and reconstruction process is outlined in Section S1 of Chapter 3's  
  Supplementary Materials. However, an additional step is required when segmenting the bone, 
  as shown below: 
  1.2.1 Segment the outer bone cortex using the threshold values generated from the  
    Matlab script. By default, these values also select the metal artefact region in the 
    DICOM image. Manually remove the metal artefact region with the brush function 
    in Amira to get a clear visualisation of the outer bone cortex, then use the  
    surface generation function to reconstruct the surface of interest into a 3D bone 
    model (Figure S2-6). 
 
 
Figure S2-6. (Left) Application of threshold values on the outer bone cortex with metal artefacts. (Middle) The region in 
purple is chosen by default during the segmentation process. (Right) Removal of metal artefacts (black arrows) to generate 
the 3D surface of the outer bone cortex only. 
 1.3 Repeat Steps 1.1 and 1.2 for all the CT and MR data to generate the CT- and MR-based  
  bone and artefact models, then save them as a .stl (STereoLithography) file. 
 
Part 2 - Positioning of CAD screws in the 3D bone and metal artefact models 
 2.1 Import three self-tapping locking screw models (A, B and C) and position them inside and in 
  the middle of the metal artefact model using a trackball function in Rapidform 2006 (INUS 
  Technology, Korea) (Figure S2-7). The screws are Computer Aided Design (CAD) models 
   provided by Synthes GmBH. The metal artefact model used as a an initial reference were  
  generated from the TA screws. Save this file with a .stl extension. 
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Figure S2-7. Positioning the three CAD screws in the centre and inside the metal artefact model. 
 
 2.2 Open the .stl file from Step 2.1 it in Amira 5.4, and load the corresponding CT images using 
  the .am file from Step 1.1. Check whether the screws are positioned correctly with respect to 
  the metal artefacts and the bone (Figure S2-8). If not positioned correctly, repeat Step 2.1 to 
   move the CAD screws in the posterior or anterior direction of the distal tibia in Rapidform 
  2006 and check again relative to the CT images in Amira 5.4. Save the working file in  
  Rapidform 2006 with a .mdl extension. 
 
Figure S2-8. Checking the position of the CAD screws with respect to the CT images in Amira 5.4. 
 
 2.3 Using the position of these three CAD screws as a reference, the rest of the self-tapping  
  locking screws (SS) were aligned relative to their respective metal artefact and bone models 
  as shown in the subsequent steps. 
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 2.4 Import the .stl file of the bone and artefact models generated from the SS screws into the same 
  working .mdl file as the TA screws, then create and attach three reference points (P1, P2 and 
  P3) on the bone model (TA). Duplicate these points create another nine (P1A, P2A and P3A; 
  P1B, P2B and P3B; P1C, P2C and P3C) to attach them to their three respective CAD screws 
  (A, B and C). Only three points (PA1, P2A and P3A) are shown in Figure S2-9 for  
   illustration purposes. The artefact model is hidden from view and will be displayed in the  
  subsequent steps. 
 
Figure S2-9. (Left) Importing the bone model (SS)(grey) into one working file with the reference bone model (TA)(green). 
Points 1, 2 and 3 (P1, P2 and P3) are attached to the bone model (TA) The artefact model is hidden from view. (Right) 
Duplication of P1, P2 and P3 into P1A, P2A and P3A and their attachment to Screw A. The same was done for Screws B 
and C in the same positions. 
 
 2.5 Move the bone model (TA) and its attached points (P1, P2 and P3) to the position of the other 
  bone model (SS) using the fine registration - 'Initial and Fine' function. Reattach P1, P2 and 
  P3 onto the bone model (SS). With the fine registration - 'Pick 3 reference points' function, 
  match P1, P2 and P3 to PA1, PA2 and PA3 from screw A, followed by the other two screws 
  and its corresponding points to move the screws from their initial position to the bone model 
  (SS) (Figure S2-10). The artefact model is then viewed as an active shell to check whether the 
   screws as centrally positioned inside the artefact model (Figure S2-11). Save this as a new 
   working file with a .mdl extension. 
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Figure S2-10. (Left) Moving the reference bone model (TA)(in green) and its attached points to the SS bone model's 
position, then reattaching these points to SS (in grey). (Middle) Moving Screw A from TA to SS by matching P1, P2 and P3 
to P1A, P2A and P3A, respectively. (Right) This procedure was repeated for the Screws B and C to get the final screw 
positions along the SS bone model. 
 
Figure S2-11. Viewing the metal artefact model (in blue) with respect to the bone and screw models. (Right) Checking the 
central alignment of the screw models relative to the metal artefact model in the axial direction. 
 
 2.6 Repeat Steps 2.2 to 2.5 to position the screw models together with the bone and artefact  
  models generated from 1.5T and 3T MR data. 
 2.7  Repeat Steps 2.1 with three cannulated screw models and metal artefact model generated 
   from the CTA screws, then repeat Steps 2.2 to 2.5 to position the rest of the cannnulated  
  screw models together with the bone and artefact models generated from 1.5T and 3T MR 
  data. 
 
Part 3 - Quantification of metal artefacts 
 3.1 Open a new working file in Rapidform 2006 and import the reference bone, metal artefact and 
  screw model STL files generated from the CT images containing TA screws. Hide the metal 
  artefact and screw models, but keep the bone model active to work with. 
 3.2 Create a reference coordinate system by selecting the shaft area to create a shaft axis, then 
 using this axis to create a point and plane (Plane 1) perpendicular to the shaft axis (Figure S2-
12). Plane 1 is also 90 degrees to the joint surface. 
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Figure S2-12. Position of shaft axis and Plane 1 with respect to the bone model. 
 3.3 Hide the bone model but un-hide Screw A and create a cylinder along the screw body to  
  generate the screw's longitudinal axis. Then, create a point (Point 1) at the start of the screw 
  axis and project this point to Plane 1 to create another plane (Plane 2), which is perpendicular 
  to Plane 1. Create a third plane (Plane 3) by rotating Plane 2 90 degrees (Figure S2-13). 
 
Figure S2-13. Positions of the respective points and planes relative to Screw A. 
  
 3.4 Un-hide the metal artefact model. Convert the screw axis into a curve (Curve 1) and create 
  two planes (Planes 4 and 5) at the boundary of the screw head and tail. With the aid of Planes 
  2, 3, 4 and 5, 4 curves (Curves 2, 3, 4 and 5) were fitted along the boundary of the metal  
  artefact model in the AP and ML directions of the bone model (Figure S2-14). 
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Figure S2-14. Positions of the respective planes and curves along the metal artefact model. (Left) Superior view of the 
curves (upper side of artefact model). (Right) Inferior view of the curves (underside of artefact model). 
 
 3.5 Measure the 'Curve-curve' deviations for each of the 4 curves (Curves 2, 3, 4 and 5) against 
  the screw axis (Curve 1). This function calculates the mean distance between the screw axis 
  and the curve of interest (Figure S2-15). Repeat Steps 3.3 and 3.4 to obtain measurements for 
   Screws B and C. All the measurements were averaged to get the mean size of the artefacts. 
 
Figure S2-15. (Top) Measuring the mean distance between Curves 1 and 2. (Bottom) The 'Curve-Curve' deviation map in 
Rapidform 2006 calculating the mean distance between 2 curves. 
 
 3.6 Repeat Steps 3.1 to 3.5 for all individual CT and MR datasets. 
 3.7 Repeat Parts 1 to 3 three times to conduct the repeatability tests. 
 
 
 
 
Plane 5 Plane 4 
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 Supplementary Materials for Chapter 5 
These materials were written to supplement Chapter 5. They consist of the surgical procedure and a 
step-by-step quantification analysis (quality of articular reduction). 
 
S3. (A) Surgical Procedure 
Five ankle specimens were acquired and the osteotomised to create the Class B and C pilon fractures 
via open reduction and internal fixation of titanium plates and screws as shown in Figure S3-1. 
Part 1 - Pure split, partial articular fracture (AO 43-B1) 
 a. Exposing the tibial plafond via the anteromedial or anterolateral approach (Figure S3-
  1). 
 
            Figure S3-1. Surgical incision to expose the tibial plafond. 
 
 b. Using the surgical saw to cut the medial aspect of the tibia diaphysis, and ending  
  proximal to the subchondral bone. Then, a chisel was used to create a sagittal split of 
  the tibial plafond (Figure S3-2). 
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              Figure S3-2. Using a surgical saw (Left) and a (Right) chisel (Right) to create an osteotomy. 
            
c. Displacing the medial fragment from the intact part of the tibia in order to ensure a 
 complete bony separation, after which it is reduced back to the tibia (Figure S3-3). 
 
         Figure S3-3. Using the chisel to completely separate the bone fragment from the intact tibia. 
 
d. Performing internal fixation with 3.5 mm titanium medial distal tibia LCP plates, and 
 a combination of non-locking (proximal) and locking (distal) cortical screws (Ø = 3.5 
 mm). Anatomical reduction was performed on one specimen, while the rest were left 
 with intraarticular step-offs approximately 2 to 2.5 mm. No intraarticular gaps were 
 created (Figure S3-4). 
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       Figure S3-4. Performing reduction of the bone fragments using  the medial distal tibia LCP plate and screws. 
 
 e. Taking an X-ray image of each fracture site (three specimens in total) using the C-
  arm fluoroscope to confirm the extent of step-offs (Figure S3-5). 
 
Figure S3- 5. (Left) Correct anatomical reduction. (Middle) 2.5 mm and (Right) 2.0 mm intraarticular step-off. 
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Part 2 - Articular simple, complete articular fracture (AO 43-C1) 
 f. Exposing the tibial plafond using the anteromedial or anterolateral approach (similar 
  to Figure S3-1). 
 g. Drilling holes using K-wires to outline the middle location of the metaphysis (Figure 
  S3-6). 
 
 
      Figure S3-6. Using K-wires to drill and outline the middle location of the metaphysis. 
 
 h. Using a chisel to separate the medial fragment of the bone, resulting in a sagittal  
  fracture line extending from the metaphysis to the bone articular surface (Figure S3-
  7). This process was repeated to create a coronal fracture line. 
 
 
S3-7. Separating the medial fragment from the intact tibia with a chisel. 
 
 i. Performing a reduction and internal fixation using a 3.5 mm titanium anterolateral 
  distal tibia plate, and a combination of titanium locking and non-locking screws (Ø = 
  3.5 mm). Each specimen was anatomically reduced (Figure S3-8). 
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  Figure S3- 8. Performing bone reduction using the anterolateral distal tibia plate and screws. 
 
 j. Taking an X-ray image of the reduced fracture site (two specimens in total) using the 
  C-arm fluoroscope (Figure S3-9). 
 
Figure S3-9. X-ray images of Class C fractures using two specimens. 
 
 k. Closing the skin flaps of all the specimens with a nylon thread (Figure S3-10). 
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Figure S3- 10. Closing the skin flap of the specimen with a nylon thread. 
 
S3. (B) Quantification Analysis: A Step-by-Step Guide 
Part 1 - Reconstruction of 3D models 
 1.1 In Amira 5.4.5 (FEI, Hillsboro, OR), save the CT data from the CD in the .am file extension. 
 1.2 Create a label with the same file and conduct the segmentation process on the bony area of the 
  CT image stack and reconstruct it into a 3D bone model as per Rathnayaka (2011). Remove 
  the metal artefacts from the reconstructed bone model as much as possible. Details on the  
  segmentation and reconstruction process can be found in Section S2 of Chapter 4's  
   Supplementary Materials. 
 1.3 Repeat Steps 1.1 and 1.2 for all the intact and osteotomised CT and MR data to generate the 
  CT- and MR-based models, then save them as a .stl (STereoLithography) file. 
 
Part 2 - Quantification of intraarticular step size 
(A) Entire Fracture Line 
 2.1 Import a Class B osteotomised CT bone model  into Rapidform 2006 (INUS Technology, 
  Korea). Create four reference points along the articular surface of the fracture fragment and 
  one point superior to the fracture fragment (P1-P5), then create a plane (Plane 1) that connects 
  all these points. This plane (Plane 1) will be positioned parallel to the fracture line. The  
  fracture line is also located in the AP direction with respect to the distal tibia (Figure S3-11). 
153 
 
 
Figure S3-11. (Left) Creating a parallel plane (Plane 1) using the manually marked points (P1-P5). (Right) The AP fracture 
line is demarcated in red dotted lines. 
  
 2.2 Create two interpolating curves (Curves 1 and 2) along and near the boundary of the fracture 
  line. Curves 1 and 2 are on opposite sides, and no more than 2 mm away from the fracture 
  line. Then, project these two curves onto Plane 1 to create Curves 3 and 4. Measure the  
  minimum, average and maximum distance between Curves 3 and 4 using the 'Curve-Curve' 
  deviation function. This function calculates the perpendicular distance between the two curves 
  (Figure S3-12). 
 
Figure S3-12. (Top Left) Demarcating interpolating curves (Curves 1 and 2- black solid lines) along the AP fracture line. 
(Top Right) Projecting Curves 1 and 2 to create Curves 3 and 4 (black dotted lines) which are perpendicular to each other. 
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 2.3 Repeat steps 2.1 to 2.3 for all Class B and C osteotomised CT and MR bone models to obtain 
  their intraarticular step measurements in the AP direction. 
 2.4 For Class C osteotomised CT bone models, an additional fracture line is located along the ML 
  direction of the distal tibia. Therefore, repeat steps 2.1 and 2.2 to create additional  
  interpolated (Curves 5 and 6) and perpendicular curves (Curves 7 and 8) relative to Plane 2, 
  which is also parallel to the ML fracture line. Measure the distance between Curves 7 and 8 to 
  obtain the intraarticular step measurements in the ML direction (Figure S3-13).  
 
Figure S3- 13. (Top) Creating interpolated curves (Curves 5 and 6 - black lines) along the ML fracture line. (Bottom Left) 
Position of the projected curves (Curves 5 and 5 - black dotted lines) relative to Plane 2. The fracture line is located in the 
ML direction of the distal tibia (red dotted line). (Bottom Right) Selecting Curves 7 and 8 to measure the curve deviations 
across the ML fracture line. 
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(B) Specific Points Along the Fracture Line 
 2.5 For the Class B osteotomised bone model, create three curves (Curves 9, 10 and 11) 90  
  degrees to Plane 1 which are anterior, posterior and in the middle region of the distal tibia. 
  Mark each region with a pair of points and along Curves 1 and 2. Then create a shaft axis by 
  selecting the intact diaphyseal region of the bone model (Figure S3-14). 
 
Figure S3-14. (Left) Creating three curves (Curves 9, 10 and 11 - blue lines) perpendicular to Plane 1 and in the posterior, 
anterior and middle of the distal tibia. Points 6 to 8 (red dots) were marked to measure the step size at site-specific regions. 
(Right) Fitting a shaft axis to the intact diaphyseal region of the bone. 
 
 2.6 Create two planes (Planes 3 and 4) horizontal to the shaft axis at each of these paired points, 
  and measure the perpendicular distance between these two planes for all the paired points  
  (Figure S3-15).  Record the minimum and maximum distances between the three paired  
  points, and calculate their averages. 
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Figure S3-15. An example of how the perpendicular distance (step size) was measured at Point 6 using Planes 3 and 4. This 
process was repeated for Points 7 and 8 (not shown). 
 2.7  
  
   
  
Repeat Steps 2.5 and 2.6 for Class C osteotomised bone models to obtain their respective
point  measurements  for  the  AP  and  ML  fracture  lines.  The  three  additional  curves  (Curves
12, 13 and 14) for the ML fracture line are in the medial, lateral and middle region of the distal 
tibia (Figure S3-16). 
 
Figure S3-16. (Right) Creating three curves (Curves 12, 13 and 14 - blue lines) across the ML fracture line to demarcate the 
medial, lateral and middle part of the distal tibia. (Left) An example of how the perpendicular distance (step size) was 
measured at Point 9 using Planes 5 and 6. This process was repeated for Points 10 and 11 (not shown). 
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Part 3 - Quantification of intraarticular gap size 
(A) Entire Fracture Line 
 3.1 Import a Class C osteotomised  CT bone model into Rapidform 2006 and use a Curvature plot 
  function on this model to identify the boundaries of the intraarticular gap (Figure S3-17). 
 
Figure S3-17. Using the 'Curvature Plot' function to identify the intraarticular gap boundaries. 
 
 3.2 Create interpolating curves (Curves 15-20) inside the gap by tracing the outline of the   
  intraarticular surface boundary edges. Then, create a plane (Plane 7) horizontal to the shaft 
  axis and project these curves (Curves 21 and 22) onto this plane measure their curve  
  deviations. The curve deviations show the minimum, maximum and average distances  
  between the two curves of interest (Figure S3-18). 
 
Figure S3-18. (Left) Creating interpolating curves (Curves 15 to 20 - black lines) to demarcate the location of the 
intraarticular gap. (Right) An example of two projected curves (Curves 21 and 22) on Plane 7 and measuring the curve 
deviations between the two. This process was repeated for all other projected curves (not shown). 
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(B) Point-Specific Regions of the Fracture Line 
 3.3 
    
  
   
   
  
Using Curves 9 to 14, mark the boundary of the intraarticular gap with six paired points (P12
- P17). Then, for each paired point, create two planes parallel (Planes 8 and 9) to each other
and relative to Planes 1 and 2 in the AP and ML directions, respectively. These two planes are 
also horizontal to the shaft axis. Measure the horizontal distance (gap size) between each 
paired plane, and record the maximum and minimum values of the three (Figure S3-19). The 
mean distances were also calculated. 
 
Figure S3-19. (Left) Marking three paired points (green squared dots) along Curves 9 to 14 to measure site-specific 
intraarticular gap sizes. (Right) An example of measuring the horizontal distance (gap size) using Planes 8 and 9, and at 
Point 15. This process was repeated to measure the horizontal distances for the rest of the points (not shown). 
 
 3.3 Repeat Steps 3.1 to 3.3 for all Class C osteotomised bone models to obtain their site-specific 
  gap size measurements. 
 
Part 4 - Quantification of intraarticular surface differences 
 
 4.1 Import an osteotomised model of interest and the reference model into Rapidform 2006. 
 4.2 Conduct a regional registration by selecting the intact surfaces of the osteotomised model, 
  together with the reference model. This process utilises the ICP algorithm and converges the 
  distances between two surfaces to a minimum (Figure S3-20). 
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Figure S3-20. (Left) Conducting regional registration by selecting the intact surfaces (black dotted lines) of the 
osteotomised model (brown) and aligning it with the reference (green). (Right) Completed regional registration. 
 
 4.3 Create two interpolating curves (Curves 23 and 24), each of which is along the intraarticular 
  boundary (weight bearing region) of the osteotomised model and reference model,  
  respectively. Use these curves to cut and separate intraarticular surfaces of the bone from the 
  bone model, then perform a 'Shell/shell' deviation to determine the maximum and average 
  surface deviations between the two surfaces (Figure S3-21). 
 
 
Figure S3-21. (Left) Using Curves 23 (black line) and 24 (red dotted line) to demarcate and cut the intraarticular surfaces of 
the osteotomised and reference bone model. (Right) Conducting the 'Shell/shell' deviation to measure the maximum and 
average surface deviations between two surfaces. 
 
 
160 
 
Part 5 - Quantification of rotational malalignment 
(A) Coordinate System Setup 
 5.1 From Steps 2.5 and 4.2, copy the shaft axis, osteotomised bone model of interest and  
  reference model into a new working file in Rapidform 2006. 
 
 5.2 
   
    
  
  
  
  
  
With the osteotomised bone model, create a point (P18) superior to the fracture fragment and 
use  this  point  to  create  an  axial  plane  (Plane  8)  horizontal  to  its  shaft  axis  (S1).  After  that,
divide this and the reference model into its proximal and distal segment using this axial
plane. Fit a cone to the distal segment of the osteotomised model to locate the midpoint  (P19)
of the distal epiphysis. After that, fit a symmetrical plane at the position of P19. This creates a
coronal plane (Plane 9) of the distal segment. Then, create an ML vector (Vector 1) normal to 
this plane. Use Vector 1 and P19 to create the sagittal plane (Plane 10) which is 90 degrees to
the coronal plane. This establishes the coordinate system relative to the osteotomised model 
(S3-22).
 
 
 
 
   
 
Figure S3-22. (Far Left) Creating Point 18 (P18 - red square) at the superior end of the fracture fragment. (Left) Creating 
the axial plane (Plane 8) normal to the shaft axis, and using this plane to cut the reference (in green) and the osteotomised
model  (in  brown). (Top  Right) Fitting  a  cone  to  the  distal  segment  of  the  osteotomised  bone  model. (Bottom  Right)
Establishing the coronal (Plane 9) and sagittal planes (Plane 10). 
  
 5.3 Create copies of the shaft axis, coronal, sagittal and axial planes (S2, Planes 11, 12 and 13) 
  and attach them to the reference model. This establishes a copied reference coordinate system 
  (Figure S3-23). 
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Figure S3-23. Creating a copied reference coordinate system for the reference model consisting of another shaft axis (S2), 
coronal (Plane 11), sagittal (Plane 12) and axial (Plane 13) planes. 
 
 5.4 Conduct a regional registration by selecting the fracture fragment surface of the osteotomised 
  model and align it with the corresponding reference model. This process moves the fracture 
  fragment from its displaced position to its original anatomical position with respect to the 
  reference model. This process also moves the copied reference system to the reference model. 
  At this point, the rotational malalignment of the fracture fragment can be determined by  
  measuring the angular differences between the original and copied reference coordinate  
  systems (Figure S3-24). 
 
 
Figure S3-24. (Left) Sagittal and (Right) axial view of the osteotomised (brown) amd reference (green) model after regional 
alignment. The black dotted lines represent the fracture fragment surface that was selected for regional registration. 
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 5.5 To measure the rotational malalignments relative to the reference planes (Planes 9 and 10), 
  project S1 and S2 onto the coronal and sagittal planes, respectively. This creates four vectors 
  (S1a, S1b, S2a and S2b). Measure the angle between S1a and S2a, then S1b and S2b  to  
  obtain the rotations of the fracture fragment in the coronal  and sagittal planes (Figure S3-25). 
  A valgus or varus angulation of the distal part of the bone  fragment was considered 
  positive or negative with respect to the coronal and sagittal planes. 
 
Figure S3- 25. Measuring the (Left) coronal and (Right) sagittal rotations of the fracture fragment. 
 
 5.6 For rotations of the fracture fragment in the relative to the original axial plane, create two  
  vectors (V2 and V3) that are intersecting Planes 8 and 9 (osteotomised model), and Planes 11 
  and 13 (reference model), respectively. Project V3 onto the axial plane to create another  
  vector (V3a). Measure the angle between V2 and V3a to obtain rotations of the fracture  
  fragment in the axial plane (Figure S3-26). Bone fragments that moved anteriorly or  
   posteriorly relative to the axial plane was considered positive or negative, respectively. 
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Figure S3-26. (Left and Middle)  Creating vectors (V2 and V3) that intersect Planes 8 and 9, and Planes 11 and 13 for the 
osteotomised and reference models. (Right) Measuring the axial rotation of the fracture fragment between the two vectors 
(V2 and V3a). 
 
Part 6 - Quantification of translational malalignment 
 6.1 
  
  
Using the coronal and sagittal planes (Planes 11 and 12) that were attached to the reference
model in Step 5.5, create two curves (Curves 25 and 26) relative to these planes, then create a 
point (P20) that intersects these two curves (Figure S3-27). 
 
Figure S3-27. Creating a point (P20) from Planes 11 and 12. 
  
 6.2 
   
  
Measure the distance between P20 versus the coronal and sagittal planes (Planes 9 and 10) to
obtain the translational measurements in the respective planes (Figure S3-28). Planes 9 and 10 
were attached to the osteotomised model of interest in Step 5.2. 
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Figure S3-28. Translational malalignment measurements relative to the (Left) sagittal and (Right) coronal plane. 
 
  6.3 Repeat Steps 6.1 and 6.2 to obtain the translational malalignments for all  
   osteotomised models. 
  6.4 Repeat Parts 2 to 6 three times for repeatability tests. 
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